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ABSTRACT 
 Despite the highly acidic environment of the human stomach, Helicobacter pylori 
inhabits the gastric mucosa of half of the world population. While a fraction of the 
infected individuals develop gastric diseases, the presence of H. pylori has also been 
linked to benefits such as protection against allergies. The pathogenic and beneficial 
aspects of the bacteria require intricate balance in its motility, colonization and 
interaction with the host. In this dissertation I focus on understanding the factors that 
influence motility. The first part of this dissertation presents a comparison of the 
microrheology and the bacterial motility in healthy and tumor human gastric mucins. 
Active bacteria motion led to shear-thinning of the mucin solution and decreased its 
viscosity. The tumor mucin showed the lowest viscosity and its microrheology was most 
affected by bacterial motion. The second part of the dissertation elucidates the interplay 
between acidity and gastric mucin microrheology on motility. H. pylori motility shows a 
non-monotonic pH dependence, with the median of speed distribution peaking at pH4 in 
aqueous broth, below which the flagella motors fail due to high external proton 
concentration and bacteria become immotile below pH3. In contrast, in mucin the 
viscosity dominates motility; the median speed peaks at pH5 related to the approaching 
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sol-gel transition around pH4. Additionally, the cell rotation increases monotonically 
with decreasing pH in mucin, implying that bacteria sense mechanical stress and increase 
rotation in an attempt to escape from mucin gel. The last part of the thesis examines 
chemotaxis of H. pylori in presence of a linear pH gradient in broth using single-channel 
microfluidics. The chemotaxis of H. pylori was most prominent at pH3-4.5; below pH3 
the bacteria is immotile and above pH4.5 the bacteria resume random swimming 
directions. Individual, directed trajectories suggest that bacteria slow down upon reaching 
pH5. Lastly, a microfluidic assay was developed to explore the viscous fingering of 
gastric acid in mucin. With proper injection pressure, single acid channels can be created 
in mucin solutions. Microrheology analysis reveals that mucin gels and swells in the 
vicinity of the acid channel, which squeezes the acid in forming a thin finger pattern. 
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CHAPTER ONE: Introduction 
1.1 Motivation and Scope of the Dissertation 
The stomach presents one of the harshest environments in human due to the high acidity 
of its gastric juice secretion and various aspartate proteases and digestive enzymes. For a 
long time it was widely accepted that no bacteria could survive in the stomach and gastric 
diseases such as gastritis and peptic ulcer were induced by mental stress and lifestyle of 
individuals. It wasn’t until very recently—roughly 30 years ago—when the correlation 
between gastric diseases and Helicobacter pylori were finally established [Marshall and 
Warren 1984, Marshall 2002]. While half of the world's population harbors H. pylori in 
their stomachs, only 15–20% of the infected population shows gastric disease symptoms. 
In order to understand this observation, one needs to comprehend the challenges that the 
gastric environment poses onto H. pylori and to examine the key mechanisms by which 
H. pylori conquers these difficulties to establish an infection.  
The mucosal surface in the stomach is highly grooved with gastric glands of 30 – 50 
µm width and is protected by a gel-like mucus layer. Furthermore, the parietal cells in the 
gastric glands secrete highly acidic gastric juice, which traverses the mucus layer and 
create a hostile environment in the lumen [Hollander 1954]. The acidic jets combined 
with the co-secretion of the bicarbonate at the epithelial cell surface [Kauffman 1981] 
create a pH gradient across the mucosal layer. Earlier studies have shown that the mucin 
rheology is pH dependent; at a higher acidity (pH < 4), such as in the stomach lumen, the 
gastric mucin has an inhomogeneous, gel-like structure, whereas at a neutral pH, the 
mucin gel transforms into a solution [Celli et al. 2009, Bansil et al. 2013]. The 
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occurrence of a pH gradient from the lumen to the cell surface could lead to a gradient of 
viscoelasticity in the gastric mucosa. To ensure their colonization, H. pylori must escape 
from the acidic lumen and penetrate the protective mucus barrier to reach the epithelial 
cells. Contrary to earlier suggestions that the helical shaped bacterium corkscrews its way 
through the mucus, H. pylori were observed to be immobile in mucin gels in the absence 
of urea [Celli et al. 2009] at low pH, as well as in other gels such as gelatin [Hardcastle 
2016]. Instead, the bacteria secrete an enzyme called urease to hydrolyze urea and 
produce ammonia, which elevates the pH and leads to a de-gelation in mucin gels [Celli 
et al. 2005, 2007] enabling the bacteria to swim across. This observation of bacteria 
changing their environment is particularly intriguing and opens up the possibility that the 
bacteria could introduce other gradients to the system. In the case of pH, this local 
gradient creates a finite region with a moving boundary where the bacterium can exhibit 
chemotactic behavior. Although this has not been verified in mucus, it is likely that the 
elevation of pH plays an important role in the ability of the bacterium to get across the 
mucus layer since mucin is the dominant protein responsible for the viscoelasticity of 
mucus.  
A key factor in H. pylori colonization is its motility through mucus. Extensive studies 
have been published on the motility of H. pylori in aqueous broth media, homogeneous 
polymer solutions and purified porcine gastric mucins (PGM) [Celli et al. 2009, Karim et 
al. 1998, Worku et al. 1999, Ottemann and Lowenthal 2002]. Recent work has 
established the connection between bacteria cell morphology, such as cell body length 
and number of flagella, and their motility in viscous environment such as PGM [Martinez 
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et al. 2016, Constantino et al. 2016]. However, while PGM is considered a good model 
for human gastric mucin, it is not the native mucin for H. pylori. Moreover, as described 
earlier, the relevant geometry of the stomach presents naturally occurring gradients of 
pH, bicarbonate, and urea on the >100’s of microns length scale. These conditions have 
not been simulated in the lab and a number of open questions remain, such as, how does 
the influence of pH on flagella motors coupled with the pH-dependent microrheological 
properties of the mucin gel influence the motility of H. pylori? How does the motion of 
H. pylori affect the rheological properties of mucins? How is the motility governed by 
adhesive and other biochemical interactions between the bacteria and their native human 
mucins? Does H. pylori behave differently in the mucins from healthy and tumor hosts? 
How do various chemo-gradients, such as urea and salt concentrations, affect the motility 
of H. pylori? The primary objective of this work is to address these questions. 
This dissertation presents studies addressing the questions mentioned above. It is split 
into five major parts. In the first part of the thesis, the experimental methodologies and 
material preparations are discussed in details, including the purifications of porcine 
gastric mucins, culturing of H. pylori, fabrication of microfluidic devices, various 
microscopic techniques, and data analysis. In the second part of the dissertation the 
author studies the dynamic interactions between H, pylori and a collection of human 
gastric mucin solutions obtained from different tissues, which, to the best of the author’s 
knowledge, is the first published study of the motility of H. pylori in its native mucin. 
The results show that the tumor mucin is the least viscous of all the mucins examined and 
H. pylori bacteria swim fastest in it. The influence of active bacteria motions on the 
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microrheological properties of human mucin was also examined and shown to enhance 
the passive diffusion of particles, most likely due to coupling between the Brownian 
motion and convective flows generated by active swimmers. The third part of the 
dissertation examines the impact of varying pH on the motility of H. pylori in porcine 
gastric mucin (PGM), which, again to the best of the author’s knowledge, is the first 
study to differentiate the coupled effects due to pH and viscoelasticity of mucin on the 
ability of H. pylori to traverse through mucin. The results show a non-monotonic 
dependence of swimming speed on pH with fastest swimming at pH 4–5 implying that H. 
pylori has optimized its swimming to its acidic habitat. The following chapter 
investigates the chemotactic response of H. pylori in presence of various gradients in 
broth and in PGM using several microfluidics configurations. The last part of the 
dissertation focuses on the viscous fingering of acid and proton transport in PGM using a 
microfluidics channel, where it was demonstrated that acid can traverse through gastric 
mucin and form a channel. The preliminary results presented in these last two chapters 
serve to establish protocols for microfluidics investigation of variation of microrheology 
and H. pylori chemotaxis in a pH gradient and determining the pH profiles in the channel. 
They will lead to future investigations and understanding of the acid and bacteria 
transport mechanism in gastric mucus. 
Chapter 3-6 consist of a collection of manuscripts which are either published or in 
preparation for submission to peer-reviewed journals. Each of these chapters includes an 
introduction with the background information of each subject, hence selected topics will 
not be covered in detail in this introductory chapter to minimize repetition. The following 
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subsections provide an overview of the biological background information on the gastric 
mucus and mucin (Section 1.2) and Helicobacter pylori (Section 1.3).  
1.2 Gastric Mucus and Mucin 
The gastric mucus is a viscoelastic, semi-permeable layer of 100 - 400 µm thickness, 
which adheres to the epithelial cell surface that is highly convoluted with gastric glands 
of 30 – 50 µm width (Figure 1.1). The mucus layer serves two main purposes: it is the 
lubricant to facilitate movements for digesting food in the stomach [Allen et al. 1982], 
and together with the gastric acid, the gel layer acts as the protective barrier that prevents 
the direct exposure of the epithelial wall to gastric acid and any unwelcome alien 
pathogen. The gastric mucus is made of 95% water, 2% salt, lipids, and other necessary 
proteins, but the pivotal component is the 3% mucin glycoproteins which determines the 
pH-dependent viscoelastic properties of mucus. The major focus of this work is to study 
how pH and viscoelasticity influence bacterial swimming motions. 
 
Figure 1.1. An illustration of gastric mucosa inflammation caused by H. pylori. The 
image is reproduced from the Nobel Prize Press Release: Nobel Media AB 2014. Web. 
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23 May 2016. 
<http://www.nobelprize.org/nobel_prizes/medicine/laureates/2005/press.html. 
1.2.1 Composition of Mucin 
 
Figure 1.2. Schematic of mucin glycoprotein, showing central highly glycosylated region 
flanked by vWF and Cytine knot domains, of a single monomer (a), a legend (b), and the 
aggregation of monomers into dimers (c) and larger oligomers (d) [Hong et al.]. 
 
Gastric mucin is the essential factor that provides the gel-matrix and the 
viscoelasticity to the mucus [Allen et al. 1974, Bansil and Turner 2006]. These long 
interacting glycoproteins are largely — about 80% by weight — made of carbohydrate 
chains, each consists of 5-15 small oligosaccharide monomers. They are connected to the 
polypeptide core in O-glycosidic linkages through N-acetylglucosamine to the hydroxyl 
side chains of serine and threonines, forming a bottle-brush configuration. The protein 
core makes up the rest of the molar weight, and is arranged into distinct regions: the 
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central region and the N- and C- termini. The central region makes up more than 60% of 
the amino acids and is formed of tandem repeats which are rich in serine, threonine, 
and proline. The terminal regions are only lightly glycosylated but rich in cysteine, which 
establishes disulfide linkage between mucin monomers in dimerization, and consequently 
leads to the polymerization of the dimers to form the high-molecular weight 
macromolecules [Bansil and Turner 2006, Bansil et al. 1995, Dekker et al. 2002, Allen et 
al. 1984, Williams et al. 2006]. Figure 1.3 shows the atomic force microscopic image of 
human mucus gel, demonstrating the “pearl-necklace” macroscopic morphology and the 
inhomogeneity nature of the mucus. 
 
 
Figure 1.3. Atomic force microscopy image of endoscopic specimen of human mucus 
gel, which demonstrates the network morphology with mucin aggregates (bright white 
areas) [Hong et al. 2005].  
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1.2.2 pH-dependence of Mucus and Mucin 
As mentioned above, gastric mucus plays an important role in protecting the epithelial 
cells from being directly exposed to the gastric juices and digesting itself. This is 
established by the unique pH-dependent gelation of the mucus. In earlier studies, Bansil 
group showed that the mucin rheology has a direct correlation to the external pH; at a 
higher acidity (pH < 4), such as in the stomach lumen, the gastric mucosa forms a denser, 
gel-like barrier, whereas at a neutral pH, the mucin gel transforms into a solution [Celli et 
al. 2009, Bansil et al. 2013]. In other words, the pH change from the lumen to the cell 
surface leads to a gradient of viscoelasticity in the gastric mucosa. However, it has been a 
heated debate over the past decades amongst researchers on the exact mechanisms that 
transport protons across the mucus layer — from the gastric glands to the lumen — 
without acidifying the whole mucus layer. To date, the questions of how the pH gradient 
is maintained and how mucus prevents the back-diffusion of protons from the lumen 
remain open-ended. The two current hypotheses for how the acid is transported to the 
lumen are 1) acid and pepsinogen are secreted by the gastric glands that bind to mucin 
and travel toward the lumen as mucus is being secreted. Pepsinogen eventually degrades 
mucin which releases acid into the lumen [Schreiber and Scheid 1997] and 2) the parietal 
cells in the gastric glands secrete gastric juice which traverses the mucus layer as 
microscopic jets [Hollander 1954], as illustrated in Figure 1.4. The acidic jets combined 
with the co-secretion of the bicarbonate at the epithelial cell surface [Kauffman 1981] 
maintain a pH gradient across the mucosal layer. 
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Figure 1.4. Schematic illustrating the acid secretion from gastric glands traversing 
through gastric mucus forming an acid jet. [Peptic Ulcer Disease, ed. P.B. Molinoff 1990] 
1.2.3 Acid Channels in Mucin 
Earlier studies have provided evidence of acid channels forming in gastric mucus; the 
most fascinating evidence being the observation of acid channels above gastric pits in rat 
stomachs in vivo (Figure 1.5 top) [Holm and Flemstrom 1990, Johansson et al. 2000]. 
Considering the high gland pressure and the large difference in viscosity between acid 
and gastric mucus, it has been postulated that the acid in fact travels through the mucus 
using viscous fingering mechanism, creating jet-like fingers. Viscous fingering is a 
hydrodynamic instability which occurs when an invasion of a low-viscous fluid displaces 
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the high viscosity resident fluid, and due to the competition between capillary force and 
viscosity, the round-ended fingers of the lower viscosity fluid form and penetrate into the 
more viscous fluid creating an uneven, finger-like profile [Saffman and Taylor 1958, 
Bonn et al. 1995]. The finger patterns are largely driven by the injection rate of the fluid 
[Saffman and Taylor 1958] and the viscosity ratio between the fluids [Bischofberger et 
al. 2014]. The instability was first characterized mathematically and experimentally by 
Saffman and Taylor using a Hele-Shaw cell [Saffman and Taylor 1958], which consists 
of two closely-spaced, parallel sheet glass which confine the more viscous fluid and a 
less viscous fluid is injected perpendicular to the plane of the cell. The original 
motivation is to understand how viscous fluid filling the voids of porous medium is 
driven forward from the pressure of a less viscous fluid and the instability that forms at 
the interface of the fluids; these were the questions that were being researched 
extensively by scientists and engineers in the oil industry. In order to describe the 
instability, it is important to know the conditions that must be satisfied at the interface 
between the two fluids. First and foremost, the fluids need be immiscible, i.e. there is no 
mixing between the fluids and they remain completely separate along the interface. This 
requirement was then shown to post an analogous scenario to the instability at the 
interface between accelerating fluids (in the direction perpendicular to the interface) of 
different densities. Using the Hele-Shaw experimental setup, Saffman and Taylor were 
able to show that the motion of two immiscible fluids confined between two parallel 
plates reveals a similar state to a two-dimensional flow in a porous medium. The second 
condition to be fulfilled to create the instability is the viscosity differential between the 
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fluids; extensive studies have shown that decreasing the viscosity ratio, ηinject/ηresident, 
between the injecting fluid and the resident fluid leads to a phase transition from stable 
state to unstable state at which fingering patterns emerge [Bischofberger et al. 2014]. The 
case of acid channeling in porcine gastric mucin satisfies the two main conditions 
described above: first, the two fluids involved are indeed immiscible; second, the 
viscosity of gastric mucin at neutral pH is readily higher than hydrochloric acid, 
moreover, the pH-dependent viscoelasticity of gastric mucin enhances the viscosity 
difference between the two fluids as gastric mucin gels upon contact with the acid. These 
primary conditions which are essential for viscous fingering are undeniably present and it 
is reasonable to speculate that the acid channels could be at least partially the result of the 
instability. Furthermore, experimentally, Saffman and Taylor showed that single finger 
profile can be accomplished given the flow rate is not too small [Saffman and Taylor 
1958] which could explain the morphology of the acid channels observed by Johansson et 
al. [Johansson et al. 2000]. Using a macroscopic experimental setup involving test tubes 
and needle syringes, Bhaskar et al. demonstrated the single acid finger formation in 
porcine gastric mucin solutions (Figure 1.5 bottom) [Bhaskar et al. 1992]. In this thesis, I 
was able to observe a single acid channel formation using a microfluidics device (Chapter 
6), in an effort to make a channel with dimensions comparable to those in the stomach 
mucosa. Such channels opened the possibility of examining the interplay between viscous 
fingering and changes in microrheology of mucin in the vicinity of the acid. All in all, to 
the best of the author’s knowledge, there is not much microscopic understanding of the 
acid channels in mucin and the proton diffusion profile in the vicinity of the channel. 
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Moreover, such a configuration could eventually be used to study the migration of 
bacteria during active acid secretion. Preliminary results establishing the feasibility of 
creating acid channels in PGM are discussed in Chapter 6. 
 
Figure 1.5. Top: Microscopy images showing acid secretions from crypt openings in rat 
stomachs [Johansson et al. 2000]. Bottom: Images demonstrating acid fingering in PGM 
using different acid injection flow rates [Bhaskar et al. 1992]. 
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1.3 Helicobacter pylori 
1.3.1 Discovery and Health Implications 
The first detection of spiral-shaped bacteria in the human stomach was reported in 1906, 
concerning patients with gastric carcinoma. However, these organisms were believed to 
be contaminations from the oral cavity, and was not to be harmful to the stomach. For the 
following decades, millions of patients continued suffering from gastric ulcers that often 
resolved in removal of parts of their stomachs, and it was widely accepted that the 
primary causes for peptic ulcers were stress and lifestyle. It was not until 1982, when two 
Australian researchers, Dr. Barry Marshall and Dr. Robin Warren, rebutted the dogma 
and deciphered the role H. pylori plays in the developments of gastritis and peptic ulcer 
disease; they pursued a formal study and found that in nearly all of their patients with 
ulcers they were also infected with the bacteria. However, the findings were met with a 
lot of skepticism and were ridiculed by the clinical community, as it had been challenging 
in infecting animal models with H. pylori to prove the pathogenic nature of the bacteria, 
and the law prohibits performing such experiments on human subjects. In 1984, after 
making sure that he had a healthy, H. pylori-free stomach, Marshall purposely infected 
himself by drinking a ‘brew’ of the bacteria culture, and only five days later the 
symptoms associated with gastritis started to surface, including indigestion, nausea, foul 
breath, and vomiting. Consequently, Marshall and Warren demonstrated that antibodies 
could eradicate the symptoms and rid of the bacteria. The revolutionary finding went on 
to save countless lives and won them the prestigious Nobel Prize of Physiology in 2005. 
  
14 
More than half of the global population is likely infected by H. pylori, while the 
disease-to-infection ratio is only 10–16%, there have been evidence suggesting that long 
term infection with H. pylori increases the risk of developing gastric disease symptoms 
[Dunne et al. 2014] such as gastritis [Blaser 1990], peptic ulcers, or more rarely, gastric 
cancer [Talley et al. 1991, Forman et al. 1991, Nomura et al. 1991, Parsonnet et al. 
1991]. As gastric cancer is the second leading cause of cancer death in the world [Neugut 
et al. 1996], H. pylori is classified as group 1 carcinogen by the World Health 
Organization [Anonymous 1994]. The major modes of H. pylori transmission are still 
largely under investigations; studies have shown that H. pylori can spread through 
fecally-contaminated water [Klein et al. 1991], food, animal reservoirs (for individuals 
whose work involves exposure to animals, such as abattoir workers), fomites (for 
example, patients in Japan had been recorded to have acquired identical strain of H. 
pylori following serial endoscopy [Akamatsu et al. 1996]), or direct contact. It is 
interesting to note that dietary restrictions such as vegetarianism does not decrease the 
risk of infection in comparison to individuals with less restrictions. A major period for 
the acquisitions of the pathogen happens during childhood [Kusters et al. 2006], one of 
the reasons could be the premastication of food from mother to child [Megraud 1995].  
 1.3.2 Colonization of Bacteria 
H. pylori is most often found residing in the gastric mucus layer lining the stomach 
epithelial wall [Blaser 1996, Blaser 2005, Montecucco and Rappuoli 2001, Warren and 
Marshall 1983, Marshall and Warren 1984, Marshall 1989], and once infected, the 
bacteria can persist for the lifetime of the host [Blaser 1992, Blaser 1997]. As mentioned 
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earlier in this chapter, H. pylori utilize a urease-based process to survive and traverse in 
gastric mucin by degelling the mucin gel.  This local elevation in pH creates a finite 
region where the bacterium can exhibit chemotactic swimming with a boundary which 
moves with the bacterium. Although this has not been verified in mucus, it is likely that 
the elevation of pH plays an important role in the ability of the bacterium to get across 
the mucus layer since mucin is the dominant protein responsible for the viscoelasticity of 
mucus. 
 
 
Figure 1.6. Illustrations demonstrating H. pylori penetrating gastric mucus by elevating 
pH using urease hydrolysis and inducing a sol-gel transition in the mucus. 
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1.3.3 Morphology 
 
Figure 1.7. TEM image of J99 WT [Lee et al. 2017] 
 
Helicobacter pylori is a non-acidophile, microaerophilic bacterium, with an S-shaped cell 
body length of roughly 2.5 – 5.0 μm and a thickness of 0.5 – 1.0 μm [Goodwin et al. 
1990, Goodwin et al. 1987]. Each bacterium possesses 2 – 6 unipolar flagella connected 
to the cell body surface by a flexible hook, the flagella basal body spins similar to a drive 
shaft of an electric motor, producing the rotating motion. Each flagellum is made of 
subunits of the flagellin protein and about 3 - 5 μm total in length. There are two types of 
flagellar filaments, encoded by flaA and flaB genes; induced mutations on which have 
shown that both are essential for full motility [Josenhans et al. 1995, Suerbaum et al. 
1993]. The bacterial cell body and flagella are sheathed in a membrane consists of 
proteins and lipopolysaccharide which protects the bacteria from the acid in the 
environment.  
 1.3.4 Motility and Chemotaxis 
Motility is the ability of an organism to translate from one location to another by 
propelling itself, which enables the organism to move toward a desirable condition or 
turn away from a harmful one, a phenomenon termed taxis.  
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Bacteria moving in a homogeneous medium have fairly distinct swimming patterns 
that are characteristic to the phenotype of the cell. For instance, H. pylori swims by 
rotating the unipolar flagella bundle 360o to generate thrust, and by rotating 
clock/counter-clockwise (CW/CCW), the bacteria can travel in forward or reversed 
directions, a swimming pattern termed run-and-reverse. Three major classes of observed 
bacterial swimming patterns are 1) run-and-reverse: such as described for H. pylori, when 
bacteria switch run directions by changing flagella rotations, resulting in 180° angle 
switch; 2) run-and-tumble: a pattern which results from bacteria flagella unbundling 
between runs, leading to an unstable “tumble” and a change of direction, as exhibited by 
E.coli; and lastly, 3) run-reverse-flick: a pattern that is similar to run-reverse, the “flick” 
specifically results from flagella switching from CW to CCW, which leads to an unstable, 
completely randomized trajectory angle change with an average about 90 o, often 
observed in marine bacteria such as V. alginolyticus.  
These swimming patterns have been well documented and various simulations and 
theories have been proposed to utilize the knowledge and predict the chemotactic ability 
of the cell. Taktikos et al. developed a unified random walk model that first describes the 
three trajectory patterns in homogeneous environments, then by introducing a bacteria 
response function they were able to simulate bacterial swimming in presence of a 
chemical source [Taktikos et al. 2013]. Briefly, the goal was to first determine the 
probability density to find a bacterium with direction ϕ1 at t1 and ϕ1 + Δϕ at t2 in a 
homogeneous system by establishing velocity autocorrelation function, C(t1,t2), and the 
probability density distribution of turn angles after reorientation events, g(ϕ), based on 
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particular swimming patterns. For run-reverse motion, the angular distribution can be 
written as  
𝑔(𝜑) =
1
2
[𝛿(𝜑 − 𝜑0) + 𝛿(𝜑 + 𝜑0)]      (1.1) 
where ϕ0 = 180°. Experimentally, the turn angle distribution is not a delta distribution, 
but as shown by Taktikos et al., the delta distribution result represents the continuous 
case just as well. To determine the velocity autocorrelation function, consider the velocity 
vector of a swimmer, v(t) = ve(t), where v = |v(t)| and e(t) = (cosϕ(t),sinϕ(t)) which is the 
unit vector that denotes the swimming direction. The velocity autocorrelation function is 
then C(t1,t2) = <v(t1) v(t2)>. Assuming the bacteria speed remains constant from one run 
to the next, the autocorrelation function becomes: 
𝐶(𝑡1, 𝑡2) = 𝑣
2〈𝑐𝑜𝑠[𝜑(𝑡2) − 𝜑(𝑡1)]〉 = 𝑣
2ℜ〈𝑒−𝑖[𝜑(𝑡2)−𝜑(𝑡1)]〉       (1.2) 
It is important to note that the dynamics of the turning angle should be decomposed into 
two parts,  
𝜑(𝑡) = 𝜑𝑟𝑤(𝑡) + 𝜑𝑟𝑜𝑡(𝑡)          (1.3) 
where ϕrw models the random walk due to specific swimming patterns, and ϕrot 
describes the change due to rotational diffusion caused by the interaction between the cell 
body and flagella with the surrounding fluid. Similarly, the velocity correlation function 
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can be written in terms of pattern specific Crw and the factor due to rotational diffusion 
Crot: 
𝐶(𝑡1, 𝑡2) = 𝐶𝑟𝑤(𝑡1, 𝑡2) × 𝐶𝑟𝑜𝑡(𝑡1, 𝑡2)         (1.4) 
For the rotational diffusion part, Crot (t1,t2) = exp(-| t2 - t1 |/ τrot) and τrot = 1/(2D). Here 
τrot indicates the characteristic diffusion time and D is the diffusion coefficient. The 
diffusion coefficient can be computed from the mean square displacement (MSD) of each 
swimmer: given the trajectory of a swimmer to be  
𝒓(𝑡) = 𝒓(0) + ∫ 𝑑𝑡′ 𝒗(𝑡′)
𝑡
0
           (1.5) 
Assuming a linear relation between MSD and t over a long period of time, then using the 
Kubo relation, MSD can be written as follows: 
〈[𝒓(𝑡) − 𝒓(𝟎)]2〉 = ∫ 𝑑𝑡1 ∫ 𝑑𝑡2〈𝒗(𝑡1) ∙ 𝒗(𝑡2)〉
𝑡
0
𝑡
0
   (1.6) 
𝐷 = lim
𝑡→∞
〈[𝒓(𝑡)−𝒓(𝟎)]2〉
2𝑑𝑡
                   (1.7) 
where d is the spatial dimension.  
For the random walk part, 
〈𝑒−𝑖Δ𝜑𝑟𝑤〉 = 〈𝑒−𝑖|𝜑𝑟𝑤(𝑡2)−𝜑𝑟𝑤(𝑡1)|〉 =
∫ 𝑑𝜑1
+∞
−∞ ∫ 𝑑∆𝜑 𝑒
−𝑖∆𝜑 𝑃(𝜑1, 𝑡1; ∆𝜑, 𝑡2)
+∞
−∞
      (1.8) 
where P(ϕ1, t1; Δϕ, t2) is the joint probability density to find a cell with swimming in 
direction ϕ1 at t1 and ϕ1 + Δϕ at t2. Defining the Fourier transform to equation 1.1 as: 
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?̅?(𝑘) = ∫ 𝑑𝜑𝑒−𝑖𝑘𝜑𝑔(𝜑)
+∞
−∞
         (1.9) 
Equation 1.8 then corresponds to a double Fourier transform of P with respect to ϕ1 and 
Δϕ. The corresponding coordinates in Fourier space are set to k1 = 0 and k2 = 1, then: 
< 𝑒−𝑖Δ𝜑𝑟𝑤 >= ?̃?(𝑘1, 𝑡1; 𝑘2, 𝑡2)|𝑘1=0,𝑘2=1   (1.10) 
It is then a two point density for a continuous time random walk model to find the joint 
PDF P(ϕ1, t1; Δϕ, t2). 
To apply this to relevant systems and determine the velocity autocorrelation function, 
one needs to define the probability density function (PDF) of the duration of runs, f (τ), 
and types of events depending on the swimming patterns – for example, in the case of 
run-reverse swimming pattern, one incorporates a PDF, fr (τ), to account for reversal. 
Two approaches for describing run time have been suggested: exponential distribution 
[Berg 1993] and power-law distribution [Korobkova et al. 2004, Tu and Grinstein 2005]. 
With the exponential distribution approach, the autocorrelation function can be written 
as: 
𝐶(𝑡1, 𝑡2) = 𝑣
2𝑒𝑥𝑝(−
|𝑡2−𝑡1|
𝜏𝑒𝑓𝑓
)          (1.11) 
with the characteristic time, 
1
𝜏𝑒𝑓𝑓
=
1
𝜏
+
1
𝜏𝑟𝑜𝑡
        (1.12) 
On the other hand, with power-law distribution, the resulting velocity autocorrelation 
function takes the following form: 
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𝐶𝑟𝑤(𝑡1, 𝑡2) ≃ 𝑣
2[(1 +
|𝑡2−𝑡1|
𝜏0
)1−𝛾 − (1 +
𝑚𝑎𝑥(𝑡2,𝑡1)
𝜏0
)1−𝛾]       (1.13) 
where γ ~1.2, which was determined both experimentally [Korobkova et al. 2004] and 
theoretically [Tu and Grinstein 2005], and τ0 is written in terms of a finite mean run time, 
<τ>, as τ0 = (γ-1)<τ>.   
The description so far poses an effective tool for computing the bacteria trajectories 
in absence of chemical gradients. To account for the chemotaxis behavior, a response 
function particular to a swimming pattern and the chemical gradient is needed to 
calculate the drift speed of bacteria [Taktikos et al. 2013]. It is shown that understanding 
the swimming patterns alone cannot provide the complete prediction for the chemotaxis 
behavior of E. coli and V. alginolyticus. In fact, the bacteria response time to external 
stimuli plays an essential role in taxis observed experimentally [Taktikos et al. 2013, 
Berg 1988]. For instance, in case of chemotaxis, bacteria response is limited by the 
diffusion of the chemical to the cell surface and the diffusion of the cell itself, which is 
defined by the swimming patterns [Berg 1988]. Although a number of studies have 
quantitatively analyzed bacterial chemotaxis using a variety of assays involving 
microfluidics chips and glass capillaries [Adler 1973, Armstrong et al. 1967, Adler 1966, 
Mao et al. 2003, Berg and Turner 1990, Kalinin et al. 2010, Tanaka et al. 2007, Tamar et 
al. 2016], accurately predicting and understanding chemotaxis of different cell species 
are still under active research across disciplines.  
The importance of motility and chemotaxis has been examined in various pathogenic 
bacterial species, but the exact benefits are largely still under investigation. For species 
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such as Vibrio anguillarum and Vibrio cholerae, the non-chemotactic mutant species led 
to more significant infection in animal models than the wild type bacteria [Terry et al. 
2005, O’Toole]. In these cases, how the motility of the mutant fares differently than the 
wild type remains unclear. In contrast, numerous studies have shown that motility and 
chemotaxis are essential survival factors in H. pylori infection of the stomach [Eaton et 
al. 1996, Foynes et al. 2000, Andermann et al. 2002, Ottemann and Lowenthal 2002, 
Terry et al. 2005, Howitt et al. 2011, Rolig et al. 2012, Johnson and Ottemann 2018]; 
disruption in genes and proper flagella or motor proteins contributing to chemotaxis and 
motility in H. pylori directly and drastically attenuates the colonization rate in animal 
models [Eaton et al. 1992, Eaton et al. 1996, Foynes et al. 2000, Kim, Ottemann]. Again, 
the exact contributions of motility and chemotaxis in establishing and maintaining 
bacterial infections are still active research topics. In the following subsections, the 
motility and swimming patterns of H. pylori will be described in details (Chapter 1.3.4.1), 
followed by a discussion on the chemotaxis of H. pylori (1.3.4.2). 
1.3.4.1 Motility of H. pylori 
As discussed earlier, swimming H. pylori alternates between forward and reversal runs, 
with reorientation events in between to change directions. As will be discussed in this 
work, the speed of H. pylori during a run and from one run to another are fairly similar; 
even in cases when the run direction changes from forward to reversal, the speed 
normally remains comparable. Depending on the environmental conditions such as pH 
and viscosity, the speed of H. pylori is roughly 25–45 μm/s in a homogeneous 
environment (See Chapter 4). After each reorientation event, the new direction of the 
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swimming trajectory of H. pylori is shown to peak around 180° in broth and in PGM 
(Chapter 4). However, a preferred reorientation turn angle of 50°  was also observed in 
selected human gastric mucin solutions (Chapter 3).  
Extensive studies have been published on the motility of H. pylori in aqueous broth 
media, homogeneous polymer solutions and purified porcine gastric mucins (PGM) [Celli 
et al. 2009, Karim et al. 1998, Worku et al. 1999, Ottemann and Lowenthal 2002]. 
Recent work from Bansil lab [Martinez et al. 2015] also established the connection 
between H. pylori cell morphology—such as cell body length, number of flagella, and 
flagellar arrangements--and their motility in viscous environment such as PGM. To make 
the matter more complicated, one needs to consider the hydrodynamic interactions 
between the swimmer and the fluid it swims in. One of the governing factors is the 
viscosity of the medium. Early experiment using bacteria [Berg and Turner 1979, 
Leshansky 2009, Schneider and Doetsch 1974, Canale-Parola 1978, Chaudhury 1979], 
spirochetes [Greenberg and Canale-Parola 1977, Petrino and Doetsch 1978, Kaiser and 
Doetsch 1975], and spiroplasma [Daniels et al. 1980] showed a complex dependence of 
swimming speed with increasing medium viscosity [Berg and Turner 1979, Magariyama 
and Kudo 2002, Lauga and Powers 2009]. It is also important to consider the impact 
motile bacteria have on the properties of the medium; as will be discussed in details in 
Chapter 3, the motion of H. pylori shear-thins the viscous mucin solutions, which has the 
possibility of enhancing their survival in gastric mucus. While these results provide 
important insights into the motility of H. pylori in aqueous and viscoelastic media, the 
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natural niche the bacteria thrive in consists of multiple gradients, hence it is important to 
examine the chemotaxis of H. pylori to further understand their colonization. 
1.3.4.2 Chemotaxis of H. pylori 
H. pylori chemotaxis system has the ability to detect multiple chemical signals; the 
bacteria can sense chemoattractants including urea, amino acids, and metals [Mizote et 
al. 1997, Sanders et al. 2013, Huang et al. 2015], and chemorepellents such as acid and 
auto-inducer 2 (AI-2), which is a signaling molecule involved in quorum sensing—a 
process by which the bacteria monitor their proximity to the surrounding bacteria 
[Bassler 1999, Surette et al. 1999]. If the bacteria sense high population density in one 
location, which could lead to nutrient or resource depletion, the bacteria can take action 
in spreading out instead of staying local. It is postulated that the chemoattractants diffuse 
through the epithelial cells in the stomach from the host blood stream and act as 
indicators that the bacteria is near where it is favorable for colonization, but this has not 
been experimentally tested [Keilberg and Ottemann 2016]. 
The chemotactic responses of H. pylori involve a cascade of protein interactions. 
Briefly, H. pylori utilize four chemoreceptors to detect input signals, called Transducer 
Like Proteins, TlpA, TlpB, TlpC, and TlpD. TlpA is activated by chemoattractants 
including arginine and bicarbonate [Cerda et al. 2003, 2011], which guides the bacteria in 
finding an essential amino acid for H. pylori and a neutral pH environment. TlpB senses 
chemorepellents including acid and AI-2 and is attracted to urea [Rader et al. 2011, 
Huang et al. 2015] with accuracy up to sub-nanomolar range [Huang et al. 2015]. 
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However, despite its seemingly well-defined functions, the necessity of TlpB in H. pylori 
infection has been controversial, since variations in TlpB expression in H. pylori has not 
been correlated to an attenuation in colonization rate [McGee et al. 2005, Williams et al. 
2007]. In comparison to the above two chemoreceptors, the functions of TlpC and TlpD 
are far less understood [Keilberg and Ottemann 2016]. Each of these chemoreceptors 
consists of two domains, the signal input ligand binding domain and the output MA 
domain. The MA domain passes signals to the downstream signaling proteins CheW and 
CheA. CheW is coupled with the chemoreceptors to CheA histidine kinase [Wadhams and 
Armitage 2004]. The final dominant response regulator is CheY [Jimenez-Pearson et al. 
2005], which is switched between phosphorylation and unphosphorylation states by the 
activity of CheA kinase.  It is the ratio between CheY and CheY phosphate that modulates 
the direction of flagella rotation, therefore, where the bacteria travel. 
In this dissertation, the author investigates one of the major unanswered questions 
which concerns the intertwining effects of external pH and viscoelasticity of mucin on 
the motility of H. pylori (Chapter 4). Furthermore, the chemotactic responses of H. pylori 
in broth and PGM in presence of an acid gradient will be expanded in greater details in 
Chapter 5. 
1.3.5 Bacterial Interaction with Gastric Mucin 
Experimental and mathematical models have hypothesized that the outcome of bacterial 
infection is correlated to the ability of H. pylori in adhering to the epithelial cells. As 
mentioned in an earlier section, most detected H. pylori reside in the gastric mucus layer 
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in the stomach; only a fraction of the colonizing bacteria is able to reach and directly 
attach themselves to the epithelial surface, while a much larger population interacts with 
the highly glycosylated mucins. The two most characterized binding adhesins, which are 
specialized cell-surface proteins on the bacteria that attach to particular chemical 
structures, of H. pylori are Blood group antigen binding Adhesins (BabA) and Sialic acid 
binding Adhesins (SabA). BabA and SabA bind to Lewis b (Leb) and sialyl-Lex,a 
expressed by the mucin respectively. H. pylori with high BabA expression has been 
associated with cellular inflammation and increased risk in the development of peptic 
ulcer or gastric cancer, however, it has been reported in both animal and human models 
that with long term infections that led to inflammatory responses, H. pylori lose BabA 
expression for reasons that are not yet understood. However, one might suggest the 
possibility that the infected system supplies feedback stimuli to the bacteria which could 
lead to the loss of BabA.  
Evidently, the presence of H. pylori in the mucus layer can trigger multiple levels of 
responses, such as a change in adhesin target expressions or the glycan environment. For 
instance, in H. pylori infected rhesus monkeys, there were time dependent increase in Leb 
expression and induced sialylated Lewis antigens, which could potentially be a protective 
mechanism that increases the bacterial binding to mucin instead of the epithelial cells. In 
contrast, the adhesin expressions and the proliferation of H. pylori are modulated as well 
by the mucin that they are exposed to and can start at the transcriptional level; studies 
have shown that a weak binding with mucin increases the expression of H. pylori 
adhesins and virulence factors [Linden]. There has also been evidence suggesting the 
  
27 
antimicrobial activity due to a carbohydrate structure (terminal 1,4-linked N-
acetylglucosamine) in gland mucins which could play parts in protecting the epithelial 
surface from H. pylori colonization. 
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CHAPTER TWO: Methods and Materials 
In this chapter, an overview of the methods used to prepare the gastric mucin and bacteria 
samples and the experimental techniques implemented to study them in this dissertation 
is presented. 
2.1 Preparation of Gastric Mucin 
Two mucin samples are of focus in this dissertation: gastric mucin from porcine stomach 
(PGM) as well as human gastric mucin. In the following subsections the purification of 
porcine gastric mucin, the isolation and characterization of human gastric mucin are 
described in great details. Most of the PGM used in this work was provided by Dr. 
Bradley Turner from Professor Katharina Ribbeck’s group in the Department of 
Biological Engineering at MIT and the last batch was purified at BU by Clover Su with 
the help of Dr. Turner. The human stomach specimens were provided by Dr. Anders 
Thorell at Karolinska Institutet and the human mucin was prepared at University of 
Gothenburg by Professor Sara Linden’s group.  
2.1.1 Porcine Gastric Mucin Purification 
Throughout the majority of this dissertation, porcine gastric mucin was implemented as 
the model system for human mucins. The purification protocol for PGM is very well 
defined [Schomig et al. 2016] and the characteristics of the mucin have been extensively 
studied [Celli et al. 2009, Bansil et al. 2013]. To start the purification process, crude 
mucus was collected from raw, fresh pig stomachs by gentle scraping of the internal 
surface of the stomach using paint scrapers. The mucus was collected in a large beaker on 
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ice and diluted with distilled water, 0.2M NaCl, and 0.04% NaN3. Protease inhibitors 
including 5mM BenzamidineHCl, 1mM dibromoacetophenone, 1mM 
phenylmethylsulfonyl fluoride, and 5mM EDTA were added to avoid certain cellular- or 
viral-duplicating processes. The mixture was solubilized by stirring slowly with a 
magnetic stirrer overnight in a 4°C fridge. For mucus clarification, the coarse tissue and 
food debris were removed by low speed centrifugation at 8000 xg RCF using a SLA-
1500 motor for 30 minutes at 4°C. The supernatant was recovered and underwent high 
speed ultracentrifugation at 190,000 xg RCF for one hour at 4°C using Beckman 50.2 Ti 
rotor to remove finer cellular debris. To remove suspended lipid particles, the remaining 
high-speed supernatant containing soluble PGM was filtered through PD10 column 
(Sephadex G-25) followed by Sepharose CL-2B size-exclusion column chromatography 
and collected by a fraction collector. To determine which fraction contains the mucin 
proteins, the UV absorbance of the samples at 215 nm and 280 nm were monitored using 
NanoDrop Photospectrometer. The presence of mucin proteins in each fraction was also 
tested using a 96-well Bio-Dot® microfiltration vacuum dot blotting apparatus in 
conjunction with periodic acid and Schiff base. The samples that indicate the presence of 
mucin were pooled and underwent Amicon ultrafiltration cell at 4°C six times. Purified 
PGM was then prepared from the concentrated solution by density gradient 
ultracentrifugation using a 70.1 Ti rotor in CsCl with an initial concentration of 42% 
(w/w) at 300,000 xg for 24-48 hours in 10°C. Each centrifuge tube was divided into eight 
fractions from the top down gently using a syringe with plastic tubing, and the equivalent 
fractions of all the tubes were combined. The density of each fraction was determined by 
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weighing and the carbohydrate content was monitored using the same dot plotting 
procedure from the earlier step following the fraction collection. The mucin-containing 
fractions of average density 1.45 g/ml were combined, dialyzed, then lyophilized under 
vacuum. The PGM prepared by this protocol is stored in -25°C freezer. To prepare for 
each measurement, a weighted amount of lyophilized PGM powder was dissolved in 
sterile water or broth to reach 18.75 mgml-1 concentration. PGM was vortexed until 
solution appeared clear to the eyes, then was allowed to hydrate for 48 hours in 4°C.  
Right before each measurement, 10% (by volume) bacteria culture and 10% (by volume) 
pH buffer (0.1M phosphate-succinate buffer) were added to the mucin solution to reach 
the final 15 mgml-1 mucin concentration. 
 2.1.2 Human Mucin Preparation and Binding Affinity Studies  
Mucin isolation and characterization: Mucins were isolated from five gastric 
specimens. Four of these were macroscopically normal and obtained after written 
informed consent (Ersta Diaktioni, Sweden) in conjunction with obesity surgery and the 
regional ethics board (Regionala etikprövningsnämnden I Göteborg, Dnr 753-14) has 
approved the use of the human samples for investigating interactions between H. pylori 
and human mucins.  The fifth specimen was from a tumor sample from our well 
characterized mucin library, collected in 1983 at the IMIM-Hospital del Mar, Barcelona, 
Spain (before the hospital had an ethics committee). 
Three of the samples were deemed normal based on histology, one of the samples 
showed signs of inflammation and one sample was obtained from a gastric 
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adenocarcinoma tumor located in the antrum. Mucins were solubilized in 6M GuHCl 
then purified using isopycnic CsCl density gradient centrifugation. Mucin concentration 
as well as mucin species and glycosylation were determined using microtitre based 
assays, as previously described [Skoog et al 2017]. The sialic acid content reported in 
Table 1 is a combination score for several assays: sample HM1-4 were determined 
negative for sialic acid by absence of alcian blue stain by histology and absence of signal 
in an Enzyme linked immunosorbent assay (ELISA) for sialyl-Lea. HM5T was 
determined sialic acid containing by positive signal for sialyl-Lea by ELISA, and sialic 
acid containing structures were also confirmed using mass spectrometry18,56. Similarly, 
HM6N was determined negative for sialic acid by absence of signal for sialyl-Lea by 
ELISA, and absence of sialic acid containing structures by mass spectrometry18,56. 
Isolated mucins were dialyzed against 3 changes of 2 M NaCl followed by 3 changes of 
PBS to ensure efficient removal of harmful ions potentially remaining from the isolation 
procedure. All human mucin solutions were diluted to 15mg/ml for microrheology and 
motility studies.   
Bacterial binding assay: Mucin samples were diluted to 6µg/ml in 4 M GuHCl and 
coated on 96-well polysorp plates overnight at 4°C. H. pylori were grown on Brucella 
plates for 72 h and harvested in PBS. The bacteria were centrifuged at 2500 × g for 3 min 
and then resuspended in Blocking Reagent for ELISA (Roche). The plates were washed 
three times with washing buffer (PBS containing 0.05% Tween-20) and the wells were 
blocked for 1 hour with blocking buffer. After discarding the blocking buffer, bacteria 
with an OD600 of 0.1 were diluted 1:10 in blocking buffer and added to the plates, which 
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then were incubated in a bacterial shaker at 100 rpm, 37°C for 2 hours. Then the plates 
were washed three times with PBS containing 0.05% Tween-20, which was repeated 
between every subsequent incubation step. The plates were incubated with rabbit anti-H. 
pylori serum diluted 1:1000 in blocking buffer for 1 hour at RT, that was followed by 
incubation with HRP-conjugated donkey anti-rabbit IgG diluted 1:10,000 in blocking 
buffer for 1 hour at RT. For detection, 3,3’,5,5’-Tetramethylbenzidine (TMB) substrate 
was added and color development was monitored. The reaction was stopped with 0.5 M 
H2SO4. The absorbance was measured in a microplate reader at 450 nm. 
Histological methods: Inflammatory status of the gastric specimen was determined on 
paraffin embedded hematoxylin and eosin stained sections. Tissue sections were stained 
for MUC6 (LUM6-3 antibody) and MUC5AC (45M1 antibody) as previously described.  
2.2 H. pylori Culturing 
The H. pylori strain used in this dissertation, J99 and its mutant, was provided by 
Professor Linden’s group and the culturing were conducted at BU. This H. pylori strain 
J99, was first isolated from a human duodenal ulcer patient [Peek et al. 1995, Israel et al. 
2001]. In Chapter 3, the measurements were also taken with the isogenic knockout 
mutant J99ΔbabAΔsabA lacking blood group antigen binding adhesins (BabA), which 
binds primarily to Leb and related mucin structures, and sialic acid binding adhesins 
(SabA), which bind mainly to sialyl-Lewis x (SLex) and sialyl-Lewis a (SLea). H. pylori 
is a human pathogen and handling of the bacteria requires Biosafety Level 2 (BSL-2) 
laboratory space and protocols established by Center for Disease Control. Bacteria stocks 
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were originally provided by Prof. Thomas Borén, Umeå University, Sweden.  
Both J99 WT and J99ΔbabAΔsabA were cultured initially from frozen stocks (stored 
in -80°C freezer) for 48 hours then replated for an additional 48 hours on Brucella agar 
(Brucella Medium Base, Oxoid, Basingstoke, Hampshire, England) supplemented with 
10% sheep blood, 1% IsoVitox (Oxoid), 4 mg/L amphotericin B, 10 mg/L vancomycin 
and 5 mg/L trimethoprim. Each culture was then inoculated in liquid media containing 
10% fetal bovine serum and 90% Brucella broth for 7 – 10 hours on the shaker, then 
diluted with more broth and incubated for additional 12 – 16 hours on the shaker to 
optimize the number of motile bacteria. Agar or broth plates were maintained at 37°C 
under microaerobic conditions in a tri-gas environment containing 5 – 12% CO2 and 5 - 
15% O2 using BD GasPak systems (BD Biosciences, San Jose, CA, USA) consisting of a 
non-vented cylinder or a heavy Zip lock bag. The concentration of bacteria in liquid 
culture was monitored by measuring the absorbance using a photospectrometer. The 
liquid culture is added to the sample of interest when the bacteria reaches the exponential 
growth phase. In some of the measurements, the bacteria were stained using BacLight 
Red Bacterial Stain [Invitrogen]. 
H. pylori is extremely sensitive to changes in the environmental conditions. During 
the culturing and experimental processes, it is important to minimize the fluctuation in 
temperature by keeping the incubator undisturbed and avoid leaving cultures in room 
temperature for prolong amount of time. Another key to growing healthy motile bacteria 
involves preparing fresh agar plates and broth only prior to culturing.   
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 2.3 Experimental Techniques  
2.3.1 Particle Tracking Microrheology  
A large portion of this dissertation concerns the microrheology of gastric mucin 
solutions. Microrheology is a conventional method to describe the viscosity and elasticity 
of a complex material that could act like fluid or solid given the right conditions. In a 
typical particle tracking measurement, the Brownian motions of monodisperse, micron-
sized fluorescent polystyrene particles embedded in the medium of interest are recorded 
using fluorescent microscopy and a high-speed camera. The diffusive motion of each 
particle is related to their mean square displacement, MSD, as described by equation 2.1:  
       (2.1) 
Where d indicates the dimensionality (in the interest of this work the author focuses on 
the 2-dimensional diffusive motions, d = 2), Do is the diffusion constant, t is time, k is the 
Boltzmann constant, T is the temperature in Kelvin, r is the radius of the particles, and η 
is the viscosity of the system. The exponent α indicates the diffusion mechanism of a 
system. In case of passive Brownian motions and normal diffusion, the exponent α = 1 
and the viscosity is inversely proportional to Do via Stokes-Einstein relation, 
                 (2.2) 
Thus, by measuring the <MSD> of the particle ensemble, one can extrapolate the 
MSD(t) = 2dD0t
a =
2kT
3phr
ta
h =
kT
6prD0
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viscosity of the fluids. Different diffusion mechanisms including superdiffusion (α < 1) 
and subdiffusion (α > 1) are demonstrated in cases when bacteria swimming motion 
shear-thins the gastric mucin solution (Chapter 3) and when gastric mucin gels at low pH 
(Chapter 4), respectively.  
Viscoelastic materials store and dissipate energy in response to external stress. The 
behavior is quantified by complex shear modulus, G*, defined as G* =G’+iG”. The 
storage modulus (G’) measures the stored energy and represents elasticity, whereas the 
loss modulus (G’’) measures the dissipated energy, representing viscosity. By examining 
the relations between the two, one can extrapolate the rheology information of a 
viscoelastic material. To calculate G’ and G”, one approximates G* from MSD by using 
generalized Stokes-Einstein equation proposed by Mason et al. [Mason et al. 1997]: 
𝐺∗(𝜔) ≈
𝑘𝑇
𝜋ℜ〈(𝑟(𝜔)−𝑟(0))2〉Γ[1+𝛼(𝜔)]
         (2.3) 
〈(𝑟(𝜔) − 𝑟(0))2〉 = 〈(𝑟(𝑡) − 𝑟(0))2〉|𝑡=1 𝜔⁄   (2.4) 
𝛼(𝜔) =
𝑑𝑙𝑛(〈(𝑟(𝑡)−𝑟(0))2〉)
𝑑𝑙𝑛 𝑡
|𝑡=1 𝜔⁄              (2.5) 
where 〈(𝑟(𝜔) − 𝑟(0))2〉 is the unilateral Fourier transform of the MSD with frequency 𝜔, 
and Γ denotes the gamma function: Γ(𝑥) = ∫ 𝑠𝑥−1𝑒−𝑠𝑑𝑠
∞
0
. One can calculate storage and 
loss moduli,  
𝐺′(𝜔) = |𝐺 ∗ (𝜔)| cos
𝜋𝛼(𝜔)
2
                           (2.6) 
𝐺′′(𝜔) = |𝐺 ∗ (𝜔)| sin
𝜋𝛼(𝜔)
2
                          (2.7) 
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In case of G”>G’, viscosity dominates and the material is solution-like, whereas if 
G”<G’, the elasticity dominates and the material is gel-like. That being said, when a 
material undergoes sol-gel transition, there would be a crossover between G’ and G”, 
with the transition point at G”=G’. 
While particle tracking microrheology is a popular method in comparison to several 
other microrheology methods, it is important to understand the potential flaws of the 
method.  
Many complex materials have inherent inhomogeneity. For instance, when gastric 
mucin gels at low pH, there are aggregations of mucin glycoproteins, between which 
there are liquid pockets. The particles in the liquid regions probe the viscosity of the 
liquid instead of the mucin as the bulk material. This inhomogeneity problem arises when 
the pocket size is larger than the probing particles. Due to particles constantly diffusing in 
and out of the focal plane, the ensemble averaging of MSD across all particles in a 
medium with spatially heterogeneous rheology tends to result in a statistical bias toward 
more motile particles (in this case, particles in the liquid pockets), as they have higher 
probability of leaving and re-entering the field of view, producing segmented, shorter 
tracks. One way to consider the inhomogeneity effect is to calculate the heterogeneity, 
HR, and each trajectory is weighted by a factor proportional to its duration in time. 
Detailed calculations of HR are presented in Chapter 4. 
Data Acquisition: For the microrheology portion of Chapter 3 to 6, the fluorescence 
microscopy movies were acquired at room temperature (~21oC) with an Olympus I71 
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inverted optical microscope equipped with a 40x phase contrast lens (0.65 NA) and an 
Andor Zyla 5.5 sCMOS camera at 100 fps and 6.5 μm per pixel size resolution. 
Fluorescent particles were excited using Olympus BH2 Mercury arc source. Imaging 
focus was optimized at the center Z positions of each sample to minimize edge effects. 
Three-second videos were obtained from several different x-, y- positions with optimal z-
position throughout each sample. The Brownian motion of the particles was tracked in 
MATLAB [v7.12.0] using PolyParticleTracker routine which locates the center of 
intensity of each tracked object with a polynomial Gaussian fit59. Mean square distance 
and the viscosity of each sample were calculated based on the tracker position output. 
Frequency dependent elastic and viscous moduli (G’ and G”) were calculated based on 
previously described methods50,51 using the MATLAB programs provided on 
http://www.physics.emory.edu/~weeks/idl/ . 
 2.3.2 Live Cell Optical Microscopic Tracking of Bacteria 
To examine the motility of H. pylori, the swimming trajectories are analyzed to compute 
the traveling speeds and reorientation events. Here reorientation is defined as when 
bacteria change the direction that they are traveling. When the reorientation angle, θre, is 
greater than 110° it is considered a reversal. The bacteria tracks were analyzed to obtain 
the distributions of instantaneous swimming speeds, vins (the speed between two adjacent 
points on a trajectory) calculated at each time point along each trajectory, as well as the 
run speed, vrun (the average speed over the linear path between reorientation events) and 
the re-orientation angles. 
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Data Acquisition: In the bacterial motility portion of Chapter 3 to 6, the samples were 
imaged at room temperature using an Olympus IX70 inverted phase contrast microscope 
equipped with a 40x objective lens (0.65 NA), a halogen light source, and an Andor Zyla 
5.5 sCMOS camera at 33 fps and 6.5 μm pixel size resolution. Nine-second videos of 
bacteria swimming in mid-plane between the coverslip and microscope glass slide were 
acquired using Micro-Manager open source acquisition software. Bacteria trajectories 
were tracked using PolyParticleTracker MATLAB routine. Swimming speed 
distributions, reorientations, and number of reversals were calculated from the tracker 
output. The standard deviation of speed distribution, σ, was calculated over the ensemble 
of all bacteria tracks, and can be taken as a good measure for the width of each 
distribution. Additionally, we note that time is measured to an accuracy of 
1
𝑓𝑟𝑎𝑚𝑒 𝑟𝑎𝑡𝑒
 = 0.03 
s and the resolution of distance can be calculated as 
𝜆
2𝑁𝐴
=  
550𝑛𝑚
2×0.65
 ~0.423 µ𝑚 so accuracy 
in calculating a speed of 10 μm/s is about 5%, which is considerably smaller than σ.  
2.3.3 Microscopy and Digital Imaging  
The following subsections give the overview of microscopy techniques implemented for 
both bacteria motility and microrheology measurements presented in this dissertation. 
Videos were acquired using phase contrast microscopy and fluorescent microscopy for 
bacteria motility measurements and microrheology measurements respectively. 
Following brief discussions on differential interference contrast and confocal techniques 
several high-resolution images of gastric mucin obtained using these techniques are 
included in Chapter 4. 
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2.3.3.1 Zernike Phase Contrast Microscopy 
Zernike phase contrast microscopy is widely used in biological research for it enhances 
the contrast in images and enables researchers to examine otherwise transparent and/or 
colorless features in biological specimens. Phase contrast microscopy was developed 
based on an observation that when light travels through different media, the speed of light 
changes and its phase shifts relative to the unaffected light byδ = 2π(n2 - n1)dλ, where λ 
is the incident wavelength, d is the specimen thickness, and n1 and n2 are the refractive 
indices of the surrounding medium and the specimen respectively; when n1n2, phase 
shift occurs. While this change in phase is not detectable to human eyes, it can greatly 
compromise the brightness and the resolution of an image. In context of microbiological 
measurements, the molecules in a bacterium have different refractive indices from that of 
the surrounding medium, so the light transmitted through bacteria would be phase shifted 
from the background light. This problem was overcome by an addition of a condenser 
annulus and a phase plate [Murphy 2002] in the bright field light microscope. The glass 
shifts the ballistic light such that the wave will travel at the same direction and the same 
phase as the scattered light that passed through the specimen, which increases the contrast 
and the brightness. Phase contrast imaging also allows researchers to see dynamic, living 
components of biological tissues that would not be visible in an ordinary light 
microscope without staining and fixing the cell. Major studies have been performed, such 
as the direct observation of cell division, using this technique.  
In the context of this work, phase contrast microscopy is a useful tool for recording 
bacteria swimming trajectories in various media. As shown in Figure 2.1, in-plane, 
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focused bacteria appear as dark objects on a bright background and are tracked using 
Matlab tracking algorithms. 
 
Figure 2.1. Phase contrast microscope image of H. pylori captured using a 40x objective 
and a CMOS camera. 
2.3.3.2 Wide Field Fluorescence Microscopy 
A typical fluorescence microscope is set up such that the system floods the specimen of 
interest with energetic photons of a chosen wavelength to excite electrons in the 
specimen from ground to higher states. The photons of lower energy (with a wavelength 
longer than that of the incident photons) would be emitted by the specimen when the 
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electrons return to the ground state. The emitted photons can be separated from the 
incident photons and collected by the detector to generate an image. In order to 
accomplish these steps, a fluorescence microscope is equipped with a light source, an 
excitation filter for choosing a particular incident wavelength, a dichroic mirror is an 
edge filter to reflect the excitation band toward the specimen and transmit the emission 
band toward the detector, and an emission filter which allows only the emitted photons 
with specific energy range to reach the detector (or the eyes of an observer).1,2 It is, then, 
an important task for the experimenter to match the appropriate filters and dichroic 
mirrors to the spectral excitation and emission spectra of the specimen for getting 
meaningful data. Fluorescence microscopy is particularly useful in medical and 
biological research, for its high degree of specificity in cell and cell component 
identifications. On the other hand, fluorescence imaging limits our observations to only 
specific structures have the ability to radiate or could be treated with dye. The technique 
also has restrictions on observation time as prolonged exposure to energetic photons 
could bleach or cause chemical damages of the specimen. 
For the purpose of this dissertation, fluorescence microscopy was implemented for 
particle tracking microrheology and bacterial chemotaxis in mucin measurements. The 
videos consist of bright objects on a dark background (Figure 2.2) and the high contrast 
nature of the images allows accurate tracking of the particle trajectories using various 
tracking algorithms. 
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Figure 2.2. Fluorescence microscope image of 1 μm diameter polystyrene particles 
captured using a CMOS camera and 40x objective.  
2.3.3.3 Differential Interference Contrast Microscopy 
Differential Interference Contrast (DIC) is an alternative method for enhancing the 
contrast in microscope images. Similar to phase contrast imaging, DIC transforms the 
phase shift in the scattered light into detectable changes in the intensity of an image. In a 
DIC setup, an incident light ray is split into two orthonormal, polarized light rays that are 
in phase with each other. The specimen will then distort the phases of these light 
depending on the structure of the matter and cause a phase shift between the two 
scattered light rays. Once these out-of-phase rays are recombined, a polarizer filters out 
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light rays with the incident polarization and lets only the phase shift through to be 
detected at the camera. The contrasts in DIC images are ultimately generated by the 
gradient of these phase shifts. 
2.3.3.4 Confocal Microscopy 
Confocal microscopy has the unique capability to isolate and collect a particular plane of 
focus from a sample, and eliminates the contributions from out of focus photons that are 
normally detected in a conventional non-confocal fluorescent microscopy as background 
signals. This is achieved by using a pinhole in front of the detector, which only the 
photons originated from the plane of focus will successfully travel through. To maximize 
this advantage, confocal microscopes are equipped with a stepping motor attached to the 
fine focus, which enables one to collect a series of images from plane to plane and to 
reconstruct 3-dimensional objects from the images. Another characteristic advantage of 
using the confocal microscope is the ability to collect more than one type of labeling 
agents at once, hence allowing direct observations of multiple features simultaneously. 
2.3.4 Fabrication of PDMS Microfluidic Devices 
As described in section 2.1.1, purification of gastric mucin is an expensive process which 
only provides a limited amount of mucin, hence it is important to optimize the use of 
every single drop of the precious sample. Microfluidics allow the advantage of just that: 
for each measurement one needs only nano-liters of mucin solution. By implementing 
microfluidic devices, the number of measurements can be increased by tenfold at the 
least. Polydimethylsiloxane (PDMS) elastomer is one of the major polymeric materials 
  
44 
used for microfluidics production for its unique properties: elasticity, gas permittivity, 
fine channel resolutions, high optical transmission, and its biocompatibility for many 
biomolecules and cells. Together, these factors made PDMS the desirable candidate for 
many life-science researchers. The fabrication process is relatively straightforward (as 
will be described below), cost effective, and involves non-hazardous reagents. Hence it is 
possible for each device to be made in an average research laboratory. Despite the 
attractiveness of the material, it is important to note the potential disadvantages of PDMS 
also; device deformation, low resistivity to solvent or acid/base, sample absorption, 
evaporation, hydrophobic recovery, and leaching have been the challenges associated 
with PDMS. To overcome these issues, researchers are known to use thermoplastics such 
as Cyclic Olefin Copolymer (COC) or glass capillaries. 
Two of the microfluidic devices included in this dissertation were designed and 
fabricated by the author. The recipes differ in particular parameters such as spin coating 
speeds, baking times, and UV exposure times. The exact details for each device are 
included in Chapter 5 and Chapter 6. The following briefly describes the general routine 
in fabricating a PDMS microfluidic device. 
PDMS Fabrication: The microfluidics configurations included in this dissertation were 
designed using AutoCAD then submitted to CAD/Art Services, Inc. for the photomask 
printing. To fabricate a master of a particular height, SU-8 photoresist was spin-coated on 
a silicon wafer then soft baked. The coated silicon wafer was exposed under UV light 
source with the photomask. The silicon wafer then underwent a post-exposure bake. The 
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wafer was washed with PGME to rid excess SU-8 and isopropanol then blown dry. To 
finish the master, the wafer was hard baked then cooled gradually. For PDMS casting, a 
silicone elastomer base and a curing agent (Sylgard 184 kit) were mixed with 1:10 ratio 
by weight. The mixture was poured into a petri dish where the master had been laid. The 
petri dish was then set in vacuum to degas then cured in 70°C oven for 1.5 – 2 hours. 
After curing, the PDMS was gently removed from the master. The inlets and outlets on 
each device were punctured using a biopsy punch. The microscope glass slides (SiO2) 
with which the PDMS will bind were washed with methanol, acetone, and isopropyl, then 
blew dry with N2 gas. Each PDMS and a glass slide were cleaned using a plasma 
chamber filled with oxygen gas then pressed together carefully by hands. The PDMS 
formed covalent bonds with the glass slide base. Lastly, the device was sandwiched 
between the base glass with another glass slide and clamped down for the device to fully 
set.  
 
All studies reported here on H. pylori in purified human and porcine gastric mucin 
were carried out under Boston University's IBC (institutional Biosafety Committee) 
approval number 17-1968 (P.I. R. Bansil).
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CHAPTER THREE: Microrheology and the Motility of H. pylori in Human Gastric 
Mucin Solutions1 
3.1 Introduction 
Helicobacter pylori is a pathogen uniquely evolved to adapt to the harsh, highly acidic 
environment of the human stomach and the only bacteria known to be directly associated 
with the development of cancer. While half of the world’s population harbors H. pylori, 
only 15–20% of them show symptoms of gastritis, gastric ulcers and cancer. To 
understand this observation, it is important to examine the key factors by which H. pylori 
survive and move through the acidic mucus layer to colonize the epithelium, interacting 
with the mucosa and the host immune system. Figure 3.1 shows an illustration of H. 
pylori in the mucosal layer with some of these factors.  
                                                        
1 This chapter is reproduced from Su, C., Padra, M., Constantino, M. A., Sharba, S., Thorell, A., 
Liden, S. K., and Bansil, R. Influence of the viscosity of healthy and diseased human mucins on 
the motility of Helicobacter pylori. Scientific Reports 8, 9710 (2018). Supplementary materials to 
this work are not reproduced and can be found online. 
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Figure 3.1. A schematic illustration of the gastric mucosa depicting the interaction of H. 
pylori with mucin.  The cells on the mucosal epithelial surface are shown demarcating the 
crypts and the underlying vasculature. The pH gradient from 7 at the cell surface to about 
2 in the lumen is indicated by the blue to red shading. A single bacterium is greatly 
enlarged to display the adhesins, BabA (blue) and SabA (red) which bind to specific 
antigens Leb (blue symbol) and SLex/a (purple symbol) on the mucin, respectively. The 
urease (green circles) secreted by the bacterium enables it to hydrolyze acid, de-gel the 
mucus and swim across (see text). Bacteria colonizing on the cell surface as well as deep 
in the crypts are also shown.   
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Bacterial infection depends on the complex interplay between the physical properties 
of the gastric mucus layer and the biochemical interactions of the bacterium with mucin 
and other virulence factors such as cytotoxins which further trigger a cascade of immune 
responses from the host, lead to cell damage, inflammation or cancer. (See for example, 
Salama et al. 2013).  
The mucus layer in the mammalian stomach has been shown to consist of two layers 
with distinct rheological properties [Taylor et al. 2004]. The layer adherent to the 
epithelial cell surface, 100-150 µm in thickness, has higher mucin concentration and 
greater viscoelasticity, while the layer close to the lumen, 100-700 µm thick, has lower 
mucin concentration and is less viscous. Mucus in both layers is composed of MUC5AC 
mucin produced by the surface epithelium and MUC6 mucin produced by the glands [Ho 
et al. 1995, Johansson et al. 2013, Bolos et al. 1995]. In addition to colonizing on the 
surface epithelium, H. pylori is also found deep in gastric glands [Howitt et al. 2011, 
Sigal et al. 2015] where the mucus is predominantly composed of MUC6. To get across 
the acidic environment in the vicinity of the gastric lumen and swim through the highly 
visco-elastic mucus layer, H. pylori secretes urease to hydrolyze urea [Sachs et al. 2005, 
Sidebotham et al. 2003], which elevates the pH and helps the non-acidophilic bacterium 
to survive in the stomach [Montecucco and Rappuoli 2001]. Contrary to earlier 
suggestions that the helical shaped bacterium corkscrews its way through the mucus, 
previous studies from our lab showed that bacteria are immobile in mucin gels in the 
absence of urea [Celli et al. 2009], as well as in other gels such as gelatin [Hardcastle 
2016]. Celli et al. [Celli et al. 2009] showed that the elevation of pH due to urease 
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activity also leads to a de-gelation in mucin gels [Celli et al. 2005, Celli et al. 2007] 
producing a liquid environment through which bacteria can swim. Although this has not 
been verified in mucus, it is likely that the elevation of pH plays an important role in the 
ability of the bacterium to get across the mucus layer since mucin is the dominant protein 
responsible for the viscoelasticity of mucus.  
 
It is also well known that H. pylori express adhesins which bind to specific antigens 
present both on secreted mucins in the mucus layer and on glycolipids and membrane 
bound mucins in the cell surface glycocalyx [Linden et al. 2008, Linden et al. 2002, 
Linden et al. 2009]. H. pylori strains vary in their proliferative response to mucins and 
interactions with mucin can modify H. pylori expression of adhesins genes [Skoog et al. 
2012, Skoog et al. 2017]. This demonstrates that mucins can regulate the behavior of H. 
pylori beyond acting merely as a physical barrier and attachment site. H. pylori can bind 
to human gastric mucins via at least three modes of adhesion: via the blood group binding 
adhesin (BabA) and the sialic acid binding adhesin (SabA) that bind the Lewis b (Leb) 
and sialyl- Lewis a/x (SLex/a) terminating glycans present on mucins, respectively, with a 
pH optimum close to neutral, and to charged structures with an acidic pH optimum 
[Linden et al. 2008, Bugaytsova et al. 2017]. The charge dependent binding mechanism 
at acidic pH appears common to all strains investigated so far, whereas the strains differ 
in expression of the SabA and BabA adhesins [Linden et al. 2002, Aspholm-Hurtig et al. 
2004]. Conversely, the host also differs in expression of the corresponding structures, 
with the Leb structure being governed by the genotype of the host whereas the presence of 
the SLex/a and charged structures among mucin glycans largely are governed by the 
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inflammatory status of the host stomach [Linden et al. 2008]. 
 
One of the dominant factors controlling bacteria motility is the viscosity of the 
medium, which governs the hydrodynamic interactions between the swimmer and the 
fluid it swims in. Early experiments using bacteria [Berg and Turner 1979, Leshansky 
2009, Schneider and Doetsch 1974, Canale-Parola 1978, Chaudhury 1979], spirochetes 
[Greenberg and Canale-Parola 1977, Petrino and Doetsch 1978, Kaiser and Doetsch 
1975], and spiroplasma [Daniels et al. 1980] showed a complex dependence of 
swimming speed with increasing medium viscosity [Berg and Turner 1979, Magariyama 
and Kudo 2002, Lauga and Powers 2009]. We refer to a recent review from our group 
[Bansil et al. 2013] for a simple explanation of the basic concepts of rheology and to a 
review by Yang et al. [Yang et al. 2017] for the different techniques used. Briefly, 
rheology measures the elastic response of a solid to deformation and the viscous response 
of a fluid as it flows. Complex heterogeneous media such as mucus and mucin exhibit a 
viscoelastic response which varies with the frequency of the applied stresses and their 
viscosity decreases with increasing shear rate applied to the fluid [Celli et al. 2007, Lai et 
al. 2009], i.e. they are shear thinning materials. The viscoelastic behavior of mucins 
depends on pH, ionic strength, and degree of hydration and thus is particularly relevant to 
the transport of bacteria through mucus. Moreover, in a heterogeneous medium whose 
structure is not spatially uniform, the rheological response depends on the length scale 
over which the medium is deformed. The local microrheological response can be probed 
by directly tracking the diffusive, random motion (also known as Brownian motion) of 
micron-size polystyrene latex particles using conventional optical or fluorescence 
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microscopy because the average mean square displacement (MSD) of the particle as a 
function of time is directly related to viscosity as discussed below.  Moreover, using a 
generalized Langevin equation it is possible to extend the analysis to viscoelastic media 
and obtain the frequency dependent viscous and elastic moduli characterizing the 
response to an oscillatory shear stress [Yang et al. 2017, Mason 2000]. Previous studies 
of micro-particle tracking in mucin [Bansil et al. 2013, Wagner et al. 2017, Georgiades et 
al. 2014] have shown the dependence of mucin viscoelasticity on concentration, pH and 
other factors. Furthermore, in the presence of swimming bacteria the Brownian motion of 
the probe particles is itself changed due to the hydrodynamic coupling of the active 
flagella driven motion of bacteria with the passive Brownian motion of the probe 
particles [Bansil et al. 2015]. 
 
The motility of H. pylori in broth, polymer solutions, and purified porcine gastric 
mucin (PGM) solutions has been studied by several researchers [Celli et al. 2009, Karim 
et al. 1998, Ottemann and Lowenthal 2002, Worku et al. 1999]. Our recent work 
[Martinez et al. 2016, Constantino et al. 2016] explored the dependence of H. pylori 
motility on cell shape (helical versus rod), cell body length, helicity, variation in number 
of flagella, and the influence of medium viscoelasticity. However, all of those 
experiments were done either in culture broth or in PGM solutions, which is not the 
native mucin in which H. pylori lives. In this paper, we use phase contrast optical 
microscopy to compare the motility of H. pylori in a collection of human gastric mucin 
samples isolated from surface and gland mucus of healthy subjects with mucin isolated 
from a tumor sample. Additionally, we also examine whether the surface and gland 
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mucins differ in their rheological properties by measuring the microrheological properties 
of human mucins in the absence and presence of bacteria using particle-tracking 
microrheology.  As these mucins also varied in binding to H. pylori adhesins, we 
compared the motility of the wild type J99 with an adhesin deletion mutant 
J99ΔbabAΔsabA lacking the blood group binding adhesin (BabA) and the sialic acid 
binding adhesin (SabA) that bind the Leb and SLex/a respectively. We examine whether 
motility is influenced by the location of the mucin as well as due to specific interactions 
between the bacterium and its native mucins. For comparison we also examined the 
motility of these bacteria in culture broth and PGM. We note, that to the best of our 
knowledge, the results presented here are the first measurements of microrheology and 
motility of H. pylori in human gastric mucins, as previous studies have been conducted 
with synthetic polymer solutions and PGM.  
 
3.2 Results and Discussion 
3.2.1 Mucin tissue location and binding to isolated mucins. 
In the gastric mucosa, MUC5AC is present in the surface and foveolar epithelium and 
MUC6 in the glands, and samples isolated from the surface contained mainly MUC5AC 
whereas mucins isolated from the glands mainly contained MUC6 (Figure 3.2a and Table 
3.1). Of the six mucins investigated in this study, Leb/SLex dependent binding to H. 
pylori strain J99 via BabA/SabA occurred to Sample HM4NG (Figure 3.2b), albeit the 
level of binding was relatively weak compared to what we previously have demonstrated 
for other human mucins [Skoog et al. 2012]. In the in vivo mucus layer, other molecules 
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such as trefoil factors and IgA could potentially contribute to interactions between H. 
pylori and mucins [Hnisch et al. 2014]. However, the mucins studied here have been 
isolated using a chaotrophic agent followed by density gradient centrifugation. This 
procedure disassociates non-covalent associations and removes the majority of non-
mucin molecules from the purified mucins (Supplementary Information Fig. S1). 
Together with the observation that most mucins studied here did not bind to H. pylori, 
this suggests that the only interaction studied here is the direct interaction between H. 
pylori and mucins. 
 
 
Figure 3.2. Location of mucins with antibody staining. (a) Left: Surface and foveolar 
epithelial cells stained brown with an antibody recognizing MUC5AC. Right: gland cells 
stained brown with an antibody against MUC6. The sections were counterstained with 
hematoxylin, outlining the tissue in blue, with the dark blue representing nuclei.  
(b) Binding of J99 WT and its isogenic adhesin deletion mutant J99ΔbabAΔsabA to 
mucins from five patients with varying glycosylation and health status (outlined in Table 
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1) and to pig gastric mucin (PGM). The *** indicates p<0.001 difference in binding 
between J99 WT and J99ΔbabAΔsabA to a mucin (Two way ANOVA). The results are 
shown after subtracting the background signal for the assay in the absence of mucins. The 
level of binding was relatively weak in comparison to what we previously have showed 
for some other human mucins [Skoog et al. 2012], although the positive control human 
mucin (HM6N in the graph) displayed high binding to H. pylori, demonstrating that the 
low binding is not due to technical issues, but due to the properties of the mucins 
investigated in this study. 
 
 Leb Sialic 
acid 
MUC5AC MUC6 Health η [cP] 
HM1NS - - ++ + Normal 1.83 ± 0.15 
HM2NS +++ - +++ + Normal 1.95 ± 0.30 
HM3NG - - ++ +++ Normal 2.27 ± 0.56 
HM4NG +++ - + + Some 
Inflammation 2.06 ± 0.31 
HM5T ++ ++ + ++ Tumor 1.26 ± 0.12 
HM6N + - ++ + Normal ND 
PGM†      9.0 ± 2.0 
 
Table 3.1. Summary of mucin samples: the mucin names ending in S were obtained from 
the surface of the stomach mucosa and the ones ending in G from the glands. HM6N is 
from antrum and contains material from both glands and surface. Samples were selected 
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based on being negative for the α1,4 GlcNAc structure that has been demonstrated to 
have antibiotic activity [Kawakubo et al. 2004], to avoid this complicating factor, and 
therefore the gland and surface samples do not come from the same patient; “+” indicates 
the level of presence and “-“ indicates the absence of particular structure. Data for 
positive control human mucin (HM6N) are included. Viscosity of mucin solutions at 
15mg/ml, η, given as average ± standard deviation (see text). †The viscosity of 15 mg/ml 
PGM solution reported here is from Martinez et al. [Martinez et al. 2016]. ND indicates 
not determined.   
 
3.2.2 Microrheology of mucins  
To directly measure the microrheological properties of human mucin, we probed the 
diffusive, random motion of micron-size polystyrene latex particles using fluorescence 
microscopy. To calculate the viscosity of the medium we note that MSD at time t for 
random diffusive motion in 2-dimensions is related to the diffusion constant D0 of the 
particle by, 
𝑀𝑆𝐷(𝑡) = 4𝐷0𝑡                                                           (3.1) 
Since the MSD grows linearly over time, the slope (m) of average MSD vs. time graph is 
4D0.  For particles undergoing passive Brownian diffusion, the diffusion constant is 
related to the hydrodynamic friction coefficient ζ via the Einstein relationship which in 
turn is proportional to the viscosity of the medium η via the Stokes-Einstein relation for 
spherical particles of radius a,  
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𝐷 =
𝑘𝑇
𝜁
=
𝑘𝑇
6𝜋𝜂𝑎
                                                   (3.2) 
Here k is the Boltzmann constant, T is the temperature in °K. Combining Eqs. 1 and 2 we 
can calculate the viscosity from the slope m of the average MSD vs. time graph, 
𝜂 =
2𝑘𝑇
3𝜋𝑚𝑎
                                                                  (3.3) 
It is important to note that in the presence of active swimmers the passive Brownian 
motion of particles is enhanced [Bansil et al. 2015, Kasyap et al. 2014] and the Stokes 
Einstein equation does not apply, hence it is not possible to calculate an effective 
viscosity. In this case we calculate the diffusion coefficient D+bac  and compare to 
diffusion coefficient of particles in the absence of bacteria, D0 (Table 3.2). The MSD as a 
function of time for individual particles tracked in HM5T, HM1NS, and HM3NG mucin 
solutions (15 mg/ml) as well as in mucin solutions containing bacteria (J99 WT or 
J99ΔbabAΔsabA) are presented in the Supplementary Information Figure S2.  Figure 3.3a 
shows the average MSD of these mucin solutions on log-log plots in the absence of 
bacteria and in the presence of actively swimming bacteria.  Table 3.1 gives the average 
viscosity values (η) obtained for the different human mucin samples using equation (3.3), 
along with the standard deviation calculated from analyzing individual MSD curves in 
the absence of bacteria. We find that the viscosity values of gland mucin solution were 
consistently higher than those of epithelial surface mucin (Table 3.1). The gland mucins 
consist mainly of MUC6 and the surface mucin mostly of MUC5AC. We suspect this 
variation in mucin composition to be a contributing factor to the viscosity difference 
since although MUC5AC and MUC6 both are oligomeric glycoproteins, MUC5AC could 
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be smaller in size than MUC6 [Real et al. 2002], which might explain the lower viscosity 
in surface mucin solution. We also noted that the mucin sample collected from the tumor 
(HM5T) has lower viscosity than other samples.  Whether the decrease of viscosity of the 
tumor mucin solution is related to the presence of sialic acid in HM5T, which is not seen 
in the other mucins (see Table 3.1), or other differences is not clear.  Truncated glycans is 
a common feature of cancer cells [Radhakrishnan et al. 2014], and this could be a 
potential cause of the decreased viscosity. 
 
To see the effect of enhanced particle diffusion in the presence of bacteria, we 
examined the average MSD of the samples containing bacteria and compared them to the 
average MSD of the mucin in absence of bacteria. As seen in Figure 3.3a, the slope of 
average MSD vs t becomes steeper and the maximum MSD increases when motile 
bacteria are present indicating that the diffusivity D+bac of particles increases. More 
specifically, in the tumor sample, HM5T, the J99 WT was much more motile than the 
J99ΔbabAΔsabA which were mostly immobile, and the highly active bacteria motion led 
to an enhanced diffusivity (Table 3.2). Similar results were observed in the HM3NG 
sample, where the J99ΔbabAΔsabA was the more motile bacterium (Fig. 3.3a and Table 
3.2). However, in the surface mucin HM1NS bacteria were less motile, consequently the 
diffusivity did not change. We also recorded the MSD of particles diffusing in PGM, in 
the presence of these bacteria. We observed that the bacteria were highly motile in PGM, 
and in both cases the diffusion coefficient was higher than that reported for PGM in the 
absence of bacteria [Bansil et al. 2015] (Table 3.2).  
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The increase of diffusivity in the presence of active swimmers has been related to a 
change in the diffusion mechanism itself, transitioning from normal to super-diffusive 
motion [Bansil et al. 2015, Wu and Libchaber 2000] characterized by a non-linear 
dependence of MSD on time,  
 𝑀𝑆𝐷(𝜏) = 4𝐷𝜏𝛼                                                          (3.4)                                            
For normal diffusion, α = 1, which returns Eq. (3.1). If α > 1, the particle shows enhanced 
displacement referred to as super-diffusion, whereas α < 1 corresponds to sub-diffusive 
behavior with the particles are diffusing less than normal. We fitted linear regression to 
log (<MSD>) vs. log(t) and determined the exponent α. As shown in Table 3.2, we 
observed mild super-diffusion in HM5T, HM3NG and PGM samples when motile 
bacteria were present. Mucin samples without bacteria or with immobile bacteria showed 
normal diffusion, with α ~ 1. In cases where highly mobile bacteria were present – such 
as J99 WT in HM5T or J99ΔbabAΔsabA in HM3NG – we detected super-diffusivity 
indicated by the exponent α > 1. The enhancement of diffusivity is shown by the ratio 
D+bac/ D0 >1 (Table 3.2). The values of α ranged from 1 to 1.2 for particles diffusing in 
the presence of J99 WT in the HM3NG and HM5T mucins. The α values for particles 
diffusing in presence of J99 WT and J99ΔbabAΔsabA in PGM were 1.3 and 1.4, 
respectively, higher than those in the human mucins, which is due to the higher 
viscoelasticity of PGM. Furthermore, these α values for the J99 strain are higher than 
those obtained in the presence of the LSH100 strain of H. pylori in PGM [Bansil et al. 
2015, Martinez et al. 2016]. We did not observe α >1, i.e. no super-diffusivity, in 
HM1NS, where the bacteria were much less motile than in HM5T, HM3NG, or PGM.  
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The particle tracking data was also analyzed to determine the viscoelasticity using 
established methods [Yang et al. 2017, Crocker and Hoffman 2007, Levine and 
Lubensky 2001]. The frequency dependent storage and loss moduli, G’(ω)  and G” (ω), 
were calculated to examine the viscoelasticity of the mucin solutions both in the absence 
and presence of bacteria (Figure 3.3b). The results show that in the absence of motile 
bacteria the human mucin samples are purely viscous, i.e. they only exhibit a viscous 
modulus G”. The frequency dependence of G”(ω) in pure mucin solutions is shown in 
Fig. 3.3b (left panel). The same analysis for mucin solutions in the presence of J99 WT 
(middle panel) and J99ΔbabAΔsabA (right panel) are shown in Figure 3.3b. We note that 
in presence of active bacteria motions – specifically, J99WT in HM5T solution and 
J99ΔbabAΔsabA in HM3NG solution – there is a noticeable decrease in the viscous 
modulus. The elastic modulus (G’) was detectable in HM1NS solution in presence of 
either J99 WT or J99ΔbabAΔsabA, while in HM5T we only found G’ in presence of J99 
WT at low frequency. The gland mucin solutions HM3NG did not exhibit an elastic 
response in presence of either J99 WT or J99ΔbabAΔsabA bacteria. To calculate the 
frequency dependent viscosity η(ω) of pure mucin solutions, we plotted the ratio, G” (ω)/ 
ω (Figure 3.3c). The limiting values of η at zero frequency (indicated by the colored 
crosses in Fig. 3.3c) are well within error bars of those obtained from the analysis of the 
average MSD plots (shown in Table 3.1). 
 
We note that this collection of human mucins at 15 mg/ml did not undergo a sol-gel 
transition when their pH was decreased from neutral to ~pH4. The lack of an elastic 
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modulus in purified human mucin solutions at pH 6 and no gelation at low pH are both in 
contrast to the viscoelasticity displayed by PGM solutions [Celli et al. 2007, Bansil et al. 
2013], and the pH-dependent sol-gel transition seen in PGM [Celli et al. 2007, Cao et al. 
1999] forming an elastic gel at pH4 and lower. A few factors during the mucin 
preparation might have led to this outcome. The crude mucus samples were homogenized 
in the case of human mucin preparation while this was not done in the PGM preparation. 
Moreover, during PGM preparation a cut-off filter is used to selectively retain larger 
molecules of the mucins, which would promote gelation. Furthermore, although both 
mucin isolation methods involve density gradient centrifugation using CsCl, the human 
mucin preparation uses the chaotrophic agent guanidinium HCl (GuHCl), which 
disassociate non-mucin molecules from the mucins before the CsCl density gradient 
centrifugation. As discussed in Methods the samples were repeatedly dialyzed to remove 
excess ions. Waigh et al. [Waigh et al. 2002] have shown that mucin treated with GuHCl 
does not gel. Lastly, the human mucin samples were kept as solutions, whereas PGM was 
lyophilized. It is also possible that human mucin would gel at higher mucin concentration 
than 15mg/ml. We were not able to test this as it needed a larger quantity of sample. 
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Figure 3.3. Particle tracking microrheology results from different human mucin solutions 
at concentration of 15 mg/ml. (a) Average MSD of particles in HM5T (left panel), 
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HM1NS (middle panel), and HM3NG (right panel) in absence of bacteria (blue), in 
presence of J99 WT (green), and in presence of J99ΔbabAΔsabA (red). (b) Elastic and 
viscous moduli, G’(ω) (filled symbols) and G” (ω ) (hollow symbols) of HM5T (orange), 
HM1NS (blue), and HM3NG (black) without bacteria (left panel), in presence of J99 WT 
(middle panel), and in presence of J99ΔbabAΔsabA (right panel). (c) Ratio, G”(ω)/ ω, of 
HM1NS (blue), HM3NG (black), and HM5T (orange). Colored crosses indicate the 
limiting values of η at zero frequency. 
 
3.2.3 Motility of J99 WT and its adhesin deletion mutant in different media 
To investigate whether the bacterial motility was affected by the location in the mucus 
layer from where the mucin sample was isolated which differed between samples (Table 
3.1), and how the bacterial motility and mucin solution viscosity were correlated, we 
tracked the motion of bacteria in these different mucin samples using time-resolved phase 
contrast microscopy [Martinez et al. 2016].  The motility studies were conducted in 
human mucin solutions (15 mg/ml) as well as Brucella culture broth (BB10) and PGM 
(15 mg/ml) to compare with previous motility studies of other strains of H. pylori 
[Martinez et al. 2016]. We found that both J99 WT and J99ΔbabAΔsabA were motile in 
broth and PGM, implying that the mutation does not alter motility in these two media. 
Sample movies are presented in Supplementary Information (Movie S3). However, the 
bacteria were not always motile in the human mucins even though bacteria taken from the 
same liquid culture just prior to assaying for motility were swimming well in the 
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reference broth. Moreover, in contrast to experiments in broth or PGM where J99 WT 
and J99ΔbabAΔsabA always behaved in a similar manner, the individual human mucins 
differed both in their overall effect on swimming and in that some of them affected the 
J99 WT and J99ΔbabAΔsabA differently. As indicated in Table 3.2, J99 WT was motile 
in HM5T, while in HM3NG they exhibited a incubation time dependent motility. In this 
case motile bacteria were only observed at 24 hours, not at 45 minutes or 2 hours 
implying that they became motile sometime after 2 hours. In HM1NS, J99 WT was 
immotile at pH 6, however a few swam when pH 4 buffer was added to HM1NS, and 
these low pH data are included here. The mutant J99ΔbabAΔsabA was motile in HM3NG 
but none swam in HM5T and very few swam in HM1NS  (which we were not able to 
record).  To confirm that these observations were not an experimental artifact, all the 
motility experiments were done at least twice and the diversity of motile behavior was 
observed. These surprising differences between the motility in human mucins as 
compared to PGM or BB10 could possibly be related to how the human mucins affect H. 
pylori gene expression in a BabA dependent manner [Skoog et al. 2012].  
 
3.2.4 Speed distributions, reversals, and reorientation angles  
In this section we present a detailed analysis of the trajectories of J99 WT in HM1NS, 
HM3NG and HM5T, and J99ΔbabAΔsabA in HM3NG, as well as compare to their 
swimming in broth and PGM. Visual inspections of the movies showed that all bacteria 
displayed widely varying swimming speeds as can be seen in a typical movie (See 
Supplementary Information Movie S3). From the movies the bacteria are tracked and the 
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trajectories analyzed. The bacteria tracks show overall similarity with the results reported 
for LSH100 and PMSS1 H. pylori strains [Hardcastle 2016, Martinez et al. 2016], 
exhibiting straight runs and re-orientation events. Here we define reorientation when 
bacteria change the direction that they are traveling. When the reorientation angle, θre, is 
greater than 110° it is considered a reversal. We analyzed the bacteria tracks using the 
same methods as described in Martinez et al. [Martinez et al. 2016] to obtain the 
distributions of instantaneous swimming speeds, vins (the speed between two adjacent 
points on a trajectory) calculated at each time point along each trajectory, as well as the 
run speed, vrun (the  average speed over the linear path between reorientation events) and 
the re-orientation angles.  
 
Figure 3.4. Analysis of trajectories of J99 WT and J99ΔbabAΔsabA swimming in 
HM1NS, HM3NG, HM5T human mucin solutions (15 mg/ml), and in PGM (15 mg/ml), 
and BB10. Smooth histograms summarizing the run speed (vrun) distributions of J99 WT 
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(a) and J99ΔbabAΔsabA (b) and the reorientation angle (θre) distributions of J99 WT (c) 
and J99ΔbabAΔsabA (d). 
Figures 3.4a, b show the distributions of vrun. The instantaneous speed (vins) 
distributions are presented in Supplementary Information Fig S5. Both of these 
swimming speed distributions are very broad, reflecting the morphological heterogeneity 
in bacteria size, shape, and flagella number as well as temporal variation of speed, in 
agreement with observations for other strains of H. pylori [Martinez et al. 2016]. The 
standard deviation of the speed distribution, σ, calculated over the ensemble of all 
bacteria tracks, can be taken as a good measure for the width of the distribution. The 
mean, median and standard deviation of the distribution of run speeds are presented in 
Table 3.2 and the instantaneous speed distribution in Supplementary Information Table 
S4. The distributions were compared using Kolmogorov-Smirnov test; when P-values are 
<0.05, the differences between distributions are considered statistically significant. The 
run speed distributions of both J99 WT and J99ΔbabAΔsabA in broth and in PGM are 
comparable (P = 0.5 in PGM and P = 0.49 in BB10) (see Fig. 3.4a, 3.4b).  Fig. 3.4a 
shows that the run speed distribution of J99 WT in HM1NS and broth are very similar, 
whereas in HM3NG and PGM there is a larger proportion of faster swimmers compared 
to broth. On the other hand, J99 WT in HM5T differs from all other mucin solutions by 
exhibiting a more or less uniform distribution of run speeds. As mentioned earlier, 
J99ΔbabAΔsabA only swam in HM3NG out of the human mucin samples and showed a 
broader run speed distribution with a larger fraction of faster swimmers than in broth or 
PGM. Comparing the instantaneous speed distribution (Fig. S3) to the run speed 
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distribution of J99 WT and J99ΔbabAΔsabA in BB10, PGM, and human mucins we 
found no differences between the two distributions in all cases, with K-S tests of all 
giving P ≥ 0.05 (Supplementary Information Table S6). 
 
To investigate in greater detail the reorientation and reversals, we analyzed the 
bacteria tracks in human mucins and compared with reorientations and reversals in BB10 
and in PGM. Fig. 3.4c, d show distributions of the reorientation angle (θre) of J99 WT and 
J99ΔbabAΔsabA in various media. As shown in Fig. 3.4c, the WT bacteria showed most 
reversals in PGM as compared to broth and human mucins, in agreement with previous 
findings on other strains in PGM [Martinez et al. 2016].  We also noticed a peak at 
intermediate angles ~ 50° indicating a preferred reorientation angle which is most 
pronounced in HM5T, considerably decreased in HM3NG, and almost absent in 
HM1NS. A slight peak was also observed for J99ΔbabAΔsabA swimming in HM3NG 
(Fig. 3.4d). The preferred reorientation peak in HM5T is also more pronounced than the 
weak maximum observed for LSH100 and PMSS1 [Hardcastle 2016]. 
 
To address whether the motility is altered over a period of 24 hours, we measured the 
motility of J99 WT in HM5T mucin and J99ΔbabAΔsabA in HM3NG mucin at three 
different times and present these results in Figure 3.5. We note that J99 WT in HM5T 
gained a swimming advantage from 45 minutes to 2 hours (see Fig. 3.5a), although θre 
distribution was unchanged (Fig. 3.5b). At 24 hours the bacteria trajectories change, 
showing a marked reduction in the fraction of faster swimming speeds, and the frequency 
of preferred reorientations also decreases with a slight increase in reversals.  Similar 
  
67 
observations regarding the decrease of fast swimmers at 24 hours and the disappearance 
of preferred orientation angles were made with J99ΔbabAΔsabA in HM3NG (Fig. 3.5c, 
3.5d).  Overall, there was a larger fraction of faster swimmers (bacteria traveling at 
speeds ≥ 10 μm/s) of WT in HM5T than of J99ΔbabAΔsabA in HM3NG (Fig. 3.5e). We 
also calculated the percentage of mobile bacteria, defined as bacteria with MSD > 0.3 μm 
(Figure 3.5f). As can be seen in Fig. 3.5f, there is no clear systematic trend in percentage 
of mobile swimmers over time (ranging between 40 to 60%), perhaps because the 
bacteria are dividing with increasing time and/or changing their motility because, for 
instance, the flagella could fall off or the motor could get impaired, or amount of 
nutrients decreased. Figure 3.5g shows that the percent of reversals calculated by 
counting over all trajectories for J99 WT is less in human mucins as compared to PGM.  
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Figure 3.5. Time dependence of motility of J99 in different media. Smooth histograms 
summarizing run speed distributions and reorientation angle distributions of J99 WT in 
HM5T mucin solution (a and b) and J99ΔbabAΔsabA in HM3NG mucin solution (c and 
d), over 45 minutes, 2 hours, and 24 hours incubation period, tinc. Bar graphs showing 
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time evolution of percent fast swimmers, J99 WT (blue) and J99ΔbabAΔsabA (orange) in 
HM5T and HM3NG (e);  percent motile J99 WT in broth, PGM, and human mucin 
solutions (f);  percent reversal of J99 WT in broth, PGM, and human mucin solutions (g). 
Media tinc J99 N 
<vrun>  σ vM  
%motile D+bac/D0 α 
[μm/s] 
BB10 45m 
WT 653 4.2 2 3.5 44.9 - - 
Δ 796 4.3 2 3.8 63.8 - - 
PGM 45m 
WT 2363 5.1 3.6 4.1 46.2 12.6 1.3 
Δ 1944 4.5 3.2 3.7 39 7.9 1.4 
HM1NS 
45m 
WT 2376 3.4 1.9 3.1 4.3 0.9 1 
Δ Immobile 1 1 
2hr WT 1302 4 1.7 3.6 4.5 1.2 1 
HM3NG 
45m 
WT Immobile 2.1 1 
Δ 2524 9.5 6.6 7.6 75.6 5.8 1.2 
2hr 
WT Immobile 2.3 1 
Δ 764 8.4 6.7 6 68.2 5.8 1.1 
24h 
WT 3053 5.3 3.7 4.2 52.6 2.9 1.1 
Δ 4343 3 2 2.4 19.6 2.3 1 
HM5T 
45m 
WT 4142 12.9 7 11.9 53.7 2.2 1.1 
Δ Immobile 1.2 1 
2hr 
WT 5846 18.4 9.1 18.8 38.8 3.3 1.1 
Δ Immobile 2.2 1.1 
24h 
WT 2065 8.9 6.4 6.7 64.6 1.6 1.1 
Δ Immobile 1.2 1 
Table 3.2. Distribution of bacteria speed in different media and the influence of motile 
bacteria on particle diffusivity. The speed distribution is characterized by the mean 
<vrun>, median vM, and its width measured by standard deviation σ. The percentage of 
mobile bacteria is also given.  The influence of bacteria on particle diffusion is given by 
the ratio of particle diffusion constant in presence of bacteria (D+bac) to that in absence of 
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bacteria (D0), and α the exponent characterizing the diffusion as normal (α = 1) or 
superdiffusive (α >1).  Here tinc = incubation time, N = number of trajectories averaged 
over. 
To characterize the bacteria morphology, we used CellTool [Pincus and Theriot 2007] 
to determine the contours of about 60 bacteria taken from single frame images at 40X 
from many different videos. Figure 3.6 shows the contours of all bacteria plotted as 
normalized curvature versus cell body length calculated as in ref [Martinez et al. 2016]. 
To compute normalized curvature, the average of curvature measured at each point along 
the cell contour excluding the poles is calculated then multiplied by the contour length, 
which provides a dimensionless measure of curvature by comparing the curvature of the 
actual cell contour with that of a circle whose circumference is equal to the contour 
length. Both J99 WT and J99ΔbabAΔsabA show a broad heterogeneous distribution of 
lengths and curvatures as reflected in standard deviation (σ) for the length distribution σ 
=0.47 μm for J99 WT and 0.48 μm for J99ΔbabAΔsabA, and curvature distribution σ 
=2.0 μm J99 WT and 2.2 μm for J99ΔbabAΔsabA. The two bacteria have almost identical 
average body lengths of 3.30 μm and 3.34 μm, and only slightly different curvatures of 
7.56 and 7.43 for J99 WT and J99ΔbabAΔsabA, respectively. A comparison of our 
measurements with those reported earlier43 on LSH100, PMSS1 and B128 shows that J99 
is similar in length to PMSS1, but more curved than all three previously studied strains.  
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Figure 3.6. J99 WT and J99ΔbabAΔsabA display similar cell morphology. Normalized 
curvature versus cell length of individual bacterium imaged using phase contrast 
microscopy of J99 WT (blue, n = 66) and J99ΔbabAΔsabA (orange, n = 63). 
3.3 Conclusion 
To the best of our knowledge, we report the first results of microrheology and motility of 
H. pylori in human mucin solutions by tracking particles and bacteria. The microrheology 
measurements reveal that the viscosity of mucin solutions is dependent on the location in 
the mucus layer from where the samples were collected, with gland mucin being more 
viscous than the epithelial surface mucin and the tumor mucin having the lowest 
viscosity. In contrast to PGM, we observed no elastic response in any of the human 
mucin solutions in the absence of bacteria. The presence of bacteria enhances the particle 
diffusivity, and produces an elastic response in some cases. The particle diffusivity 
increased the most for the tumor sample (3.3 times), was intermediate for the gland 
mucin (2.9 times), and least for the surface mucin (1.2 times). We observed mild super-
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diffusivity of particles in samples where bacteria were highly motile in agreement with 
recent observations that the active motion of bacteria produces convective effects that 
enhance passive Brownian motion of particles [Jin et al. 2017]. The detection of an 
elastic response in HM1NS solution in presence of J99 WT or J99ΔbabAΔsabA, and in 
HM5T in presence of J99 WT at low frequency is further suggestive of the influence of 
bacteria motion on medium rheology.  
 
We observed that while both J99 WT and J99ΔbabAΔsabA were  motile in PGM 
solutions and broth, their ability to swim in human mucins varied considerably with 
bacteria being immotile in some of the human mucin solutions. The motility of J99 WT 
and adhesin mutant were  impacted differently by different mucins. In those cases where 
bacteria swam, we found significant differences in motility in human mucin solutions as 
compared to broth and PGM . The speed distributions of both WT and adhesion deletion 
mutant of J99 in human mucin solutions are broader and have a larger fraction of faster 
swimmers and less reversals in comparison to PGM or broth.   
 
While our work provides valuable data on human mucin rheology and motility of H. 
pylori it also raises unanswered questions worthy of further investigation. First, we could 
not correlate differences in motility systematically to differences in adhesion.  The 
bacteria studied here had relatively weak BabA dependent binding and this may be 
another factor contributing to our observation of no systematic effect of adhesion on 
motility. We also cannot explain why J99ΔbabAΔsabA were immotile in both HM5T and 
HM1NS while WT J99 was immotile in HM3NG for the first 2 hours but became motile 
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at 24 hours. This immotility is not due to a general toxic effect, since either the J99 WT 
or J99ΔbabAΔsabA swam in all tested mucins. and both types of bacteria swam well in 
broth and PGM. We believe that their immotility in some of the human mucins probably 
reflects influence of other non-defined factors present in human mucin samples. For 
example, could these differences be related to that human mucins differ in how they 
affect H. pylori gene expression in a BabA dependent manner [Skoog et al. 2012] In the 
same vein, we cannot explain why an elastic response was detected in the presence of 
motile bacteria in HM1NS and HM5T solutions but not in the presence of HM3NG.  
 
Although we have only examined a single tumor sample, our results suggest that the 
tumor mucin investigated here may be altered in comparison to non-tumor surface and 
gland mucins leading to a decreased viscosity which enhances the motility of H. pylori. 
Overall, these results suggest that mucins from different individuals, tissue locations and 
disease status differ in how they affect H. pylori motility. Further studies investigating 
these issues in healthy and tumor mucin samples to examine the interplay between mucin 
viscosity and H. pylori motility are clearly warranted. 
3.4 Materials and Methods 
 3.4.1 Bacteria Strain and Culturing   
H. pylori strain J99 WT and its isogenic knockout mutant J99ΔbabAΔsabA lacking blood 
group antigen binding adhesins (BabA), which binds primarily to Leb and related mucin 
structures, and sialic acid binding adhesins (SabA), which bind mainly to sialyl-Lewis x 
(SLex) and sialyl-Lewis a (SLea) were kindly provided by Prof. Thomas Borén, Umeå 
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University, Sweden [Aspholm-Hurtig et al. 2004]. Both J99 WT and J99ΔbabAΔsabA 
were cultured on Brucella agar (Brucella Medium Base, Oxoid, Basingstoke, Hampshire, 
England) supplemented with 10% sheep blood, 1% IsoVitox (Oxoid), 4 mg/L 
amphotericin B, 10 mg/L vancomycin and 5 mg/L trimethoprim, then inoculated in liquid 
media containing 10% fetal bovine serum and 90% Brucella broth. Plates were 
maintained at 37 °C under microaerobic conditions in a tri-gas environment using BD 
GasPak systems. Cultures were incubated for 45–72 hours on sheep blood plates and for 
12–18 hours in liquid cultures on the shaker. 
3.4.2 PGM Preparation 
PGM was collected from pig stomach epithelium and purified with Sepharose CL-2B 
column chromatography, followed by density gradient ultracentrifugation, described in 
Celli et al. [Celli et al. 2009]. and more fully in the original reference Gong et al. [Gong 
et al. 1990]. 0.75 mg of lyophilized PGM powder was dissolved in 40 μl of sterile water, 
the solution reaches the final 15 mg ml−1 concentration after 10% bacteria and 10% pH 
buffer (0.1 M phosphate succinate) were added. PGM was allowed to hydrate for 
48 hours in 4 °C before use. 
 3.4.3 Particle Tracking Microrheology 
Monodisperse fluorescent particles of 1.001 μm diameter (Polysciences) were added to 
each mucin sample (15 mg/ml) to obtain 0.054% of final particle concentration by 
volume for all experiments. For measurements in the absence of bacteria, mucin samples 
were incubated at 37 °C with fluorescent particles and 10% pH buffer (0.1 M phosphate 
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succinate, pH2, 4, and 6) by volume for 45 minutes. For measurements in the presence of 
bacteria, mucin samples were first incubated at 37 °C with 10% pH buffer for 45 minutes. 
Bacteria were cultured in liquid broth (BB10) to an O.D.600 of 0.55–0.85 then added to 
each sample to reach a 10% bacteria mixture by volume. The bacteria mixture was 
incubated at 37°C under microaerobic conditions and constant agitation for 45 min, 
2 hours, and 24 hours. After the incubation period, fluorescent particles were added to the 
samples prior to measurements. A 10 μl volume of each solution was pipetted onto a 
standard glass microscope slide with a spacer (Secure Seal Imaging Spacer, 9 mm in 
diameter, 0.12 mm in depth) and sealed with a coverslip. The movies were acquired 
immediately at room temperature (~21°C) with an Olympus I71 inverted optical 
microscope equipped with a 40x phase contrast lens (0.65 NA) and an Andor Zyla 5.5 
sCMOS camera at 100 fps and 6.5 μm per pixel size. Fluorescent particles were excited 
using Olympus BH2 Mercury arc source. Imaging focus was optimized at the center Z 
positions of each sample to minimize edge effects. Three-second videos were obtained 
from several different x-, y- positions with optimal z-position throughout each sample. 
The Brownian motion of the particles was tracked in MATLAB [v7.12.0] using 
PolyParticleTracker routine which locates the center of intensity of each tracked object 
with a polynomial Gaussian fit [Rogers et al. 2007]. Mean square distance and the 
viscosity of each sample were calculated based on the tracker position output. Frequency 
dependent elastic and viscous moduli (G′ and G′′) were calculated based on previously 
described methods [Crocker and Hoffman 2007, Levine and Lubensky 2001] using the 
MATLAB programs provided on http://www.physics.emory.edu/~weeks/idl/. 
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3.4.4 Bacteria Motility Measurements and Analysis 
The human mucins, PGM, and reference BB10 sample were incubated at 37 °C with 10% 
(by volume) phosphate buffer for 45 minutes. The values of pH we explored were pH 6 
and pH 4. Bacteria were cultured in liquid broth (BB10) to an O.D.600 of 0.6–0.85 then 
added to each mucin solution (15 mg/ml) and reference BB10 sample to produce a 10% 
bacteria mixture by volume. The bacteria mixture was incubated at 37 °C under 
microaerobic conditions and constant agitation for 45 minutes, 2 hours, and 24 hours. 
After each of these incubation times, a 10-μl volume of each sample was applied to glass 
microscope slides with secure seal spacers and sealed with coverslips. The samples were 
imaged immediately at room temperature using an Olympus IX70 inverted phase contrast 
microscope equipped with a 40x objective lens (0.65 NA), a halogen light source, and an 
Andor Zyla 5.5 sCMOS camera at 33 fps and 6.5 μm pixel size. Nine-second videos of 
bacteria swimming in mid-plane between the coverslip and microscope glass slide were 
acquired using Micro-Manager open source acquisition software. Six to ten videos were 
taken for each sample at each of the three incubation time points. All measurements were 
repeated at least twice. Bacteria trajectories were tracked using PolyParticleTracker 
MATLAB routine. Swimming speed distributions, reorientations, and number of 
reversals were calculated from the tracker output using the methods of Martinez et al. 
[Martinez et al. 2016]. The standard deviation of speed distribution, σ, was calculated 
over the ensemble of all bacteria tracks, and can be taken as a good measure for the width 
of the distribution. Additionally, we note that time is measured to an accuracy of 
1
𝑓𝑟𝑎𝑚𝑒 𝑟𝑎𝑡𝑒
= 0.03 𝑠 and distances are measured to an accuracy of 
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√2
𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒
𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
= 0.23 𝜇𝑚 so accuracy in calculating a speed of 10 μm/s is about 5%, 
which is considerably smaller than σ. 
3.4.5 Bacteria Morphology Analysis  
Single frame images of bacteria were manually selected using ImageJ from phase 
contrast movies at 40x collected for motility analysis. CellTool [Pincus and Theriot 2007] 
software was used to obtain cell length and side curvature for J99 WT (n = 66) and 
J99ΔbabAΔsabA, (n = 63) as described in Sycuro et al. [Sycuro et al. 2010]. The average 
values of length, side curvature and standard deviation (σ) of distributions of these 
morphological parameters were calculated. 
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CHAPTER FOUR: Influence of acidity on the motility of Helicobacter pylori in 
broth and porcine gastric mucin solution 
4.1 Introduction 
The human stomach presents one of the harshest environments due to the high acidity of 
its gastric juice secretion and various aspartate proteases and digestive enzymes which 
are crucial for metabolizing food and destroying microbes. To prevent the stomach from 
being digested by its own acidic secretion and control the transport of food, microbes and 
other ingested products, the epithelial surface of the stomach is lined with a protective, 
continuous, viscoelastic layer of mucus varying from 100–400 μm in thickness. Across 
this mucus layer there exists a pH gradient maintained by the co-secretion of bicarbonate 
[Hollander 1954, Kauffman 1981, Davenport 1958] with almost neutral pH close to the 
epithelial surface and highly acidic pH 2–4 on the luminal side during active acid 
secretion. The pH of the stomach has been shown to range between 0.3 and 2.9 [Ayazi et 
al. 2009] and the resting median pH has been shown to be 1.7 [Ayazi et al. 2009]. The 
mucus derives its viscoelastic properties from the glycoprotein mucin which has been 
shown to undergo a pH dependent sol to gel transition at pH 4 [Cao 1999, Celli 2007] 
forming an elastic gel below pH 4. Exactly how the gelled mucin prevents the back 
diffusion of H+ ions is a subject of considerable debate and various processes such as 
Donnan equilibrium (Tam and Verdugo 1981), diffusion (Schreiber and Scheid 1997, 
Williams 1980), viscous fingering (Bhaskar et al. 1991, Sellers et al. 1987). While the 
combination of gastric juice and the gastric mucus is quite effective in sterilizing and 
protecting the host from bacteria and infections, the gastrointestinal pathogen, 
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Helicobacter pylori is known to breach this barrier and has adapted to this particularly 
challenging environment and colonized human stomachs, perhaps since the beginning of 
the human species (Maixner et al 2016). It colonizes on the epithelial surface and even 
deep in the gastric glands, leading to the development of diseases such as gastric ulcers, 
gastritis, and even cancer. Using their flagella-driven motility and further aided by 
chemotaxis mechanisms, H. pylori navigates toward the neutral epithelial surface where 
it attaches using various adhesins which evokes an immune response and can cause 
inflammation of the surrounding tissue. It is important to note that H. pylori has receptors 
that sense H+ and help it to move away from acidic pH (Croxen et al 2006). Moreover, 
mucin itself is a chemoattractant. However, the gelation of mucin below pH 4 impedes 
the motility of the bacterium. Our group previously reported that H. pylori shows no 
translational motion in porcine gastric mucin (PGM) solutions below pH 4 in the absence 
of urea, although rotation of their flagella could be observed in bacteria trapped in the 
mucin gel network (Celli et al 2009). When urea was added the bacteria were observed to 
simultaneously raise the pH of the surrounding medium and swim as the mucin gel 
transitioned to a solution. However, it is not clear from this study how much of the 
observed pH dependent change in motility is due to the gelation of PGM and how much 
is due to the influence of pH on the flagellar motors, as the motors are driven by the 
transmembrane gradient of protons (H+), i.e. the proton motive force (Manson 1977, 
Matsuura 1977). As the external pH decreases, protons cross the bacteria cell membrane 
which lowers the intracellular pH and the proton gradient that drives the flagella 
collapses. This collapse in proton gradient has been linked to various changes in bacterial 
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motility. For example, in E. coli and Salmonella decrease in swimming speeds 
(Minamino 2003), enhancement of tumbling (Kihara 1981), and reduced motor rotation 
rates (Nakamura 2009) have been seen. In contrast, B. subtilis showed a decrease in 
swimming speed but a reduction in tumbling (Khan 1980) in a low pH environment.  
In this work, we seek to differentiate the effect of pH dependent viscoelasticity of the 
mucin gel from the acid altering the flagellar mechanisms, by comparing motility of H. 
pylori at different pHs in aqueous brucella broth (BB10) against PGM. While motility 
and rheology at pH 4 and 6 has been investigated previously, there is no systematic study 
examining motility and viscoelastic properties of mucin across the range of relevant 
pH’s. We found that while the motility of H. pylori is hindered at low pH in both broth 
and PGM, they swim the fastest at a somewhat acidic pH;  the instantaneous and run 
speed distributions peak at pH 4 in BB10 and pH 5 in PGM. These results indicate that H. 
pylori has adapted its motors for swimming in a lower pH environment. However, at low 
pH’s the gelation of PGM further impacts the swimming speed and the bacteria speed 
decreases significantly below pH 5 in PGM as compared to broth. They are immobilized 
when PGM is gelled below pH4, but can still swim in broth at these low pHs. We also 
examined the rotation by imaging the motion of individual bacteria at high magnification, 
and observed that the body rotation speed of bacteria is higher when they are 
immobilized in PGM at low pH as compared to that at neutral pH, implying that perhaps 
bacteria are capable of sensing their environments mechanical properties and rotate faster 
to free themselves from the gel network.   
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To correlate the pH dependent motility to the physical properties of the medium we 
characterized the rheology and microstructure of PGM solutions and gels at different pHs 
using particle tracking microrheology and examined their microstructure using confocal 
microscopy. As expected, particle motion in broth is purely diffusive, while that in PGM 
exhibits a strong pH-dependent anomalous hindered diffusion in a medium with 
increasing heterogeneity at low pH, which can be directly observed in the confocal 
images. The confocal images reveal a highly heterogeneous structure at low pH with 
bundles of PGM and void spaces which clearly influences the motility of the bacteria. .   
4.2 Results and Discussion 
4.2.1 Microrheology of BB10 and PGM 
To measure the microrheology of BB10 and PGM at various pH, we tracked the 
Brownian motion of micro-size polystyrene latex particles suspended in the solutions 
using time-resolved fluorescence microscopy. The mean square displacement (MSD) of 
each particle and the viscosity, η, of each solution were computed following the 
calculations detailed in Su et al (Su 2018). Briefly, the 2-dimensional diffusive motions 
of the particles is related to the MSD by,  
    MSD(t) = 4Dot
α   (4.1) 
Where Do is the diffusion constant and the exponent α indicates the diffusion mechanism 
of a system. In case of passive Brownian motion and normal diffusion, the exponent α = 
1 and the viscosity is inversely proportional to Do via the Stokes-Einstein relation, 
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𝜂 =
𝑘𝑇
6𝜋𝑟𝐷𝑜
   (4.2) 
k is the Boltzmann constant, T is the temperature in Kelvin, and r is the radius of the 
particles. 
Figure 4.1a shows the <MSD> averaged over all particles in BB10 and PGM at 
various pH on a log-log plot, with water as reference. We found that the <MSD> and the 
viscosity of BB10 are similar to those of water, and are not pH-dependent (Fig. 4.1a, c). 
In contrast, in PGM decreasing pH to below pH4 leads to significant changes in <MSD>. 
It is evident from the <MSD> that the mobility of the micro-particles embedded in PGM 
is hindered in the low pH solution as a result of the sol-gel transition that PGM undergoes 
as pH decreases below 4 (Cao 1999, Celli 2007). To further demonstrate the trapping of 
particles in mucin gel at lower pH, we computed the diffusion exponent α in Eq. (4.1) by 
fitting the <MSD>. As pH decreased from 6.7 to 3.7 in PGM, α deceased from 0.8 to 0.6, 
implying increasing sub-diffusivity of particles in PGM as it gels (Figure 4.1b). In 
comparison to PGM, the microparticles in BB10 remained passive and showed normal 
diffusion with α ~1 (Figure 4.1b). Fig. 4.1c shows the viscosities of BB10 and 15mg/ml 
PGM calculated using Eqn. (4.2). PGM is about 50 times more viscous than BB10 at pH 
6, and the viscosity of PGM increased rapidly, by a factor of 2, as pH decreases from pH 
6.1 to 3.7, whereas the viscosity of BB10 remains constant as pH decreases (Fig. 4.1c). 
These results agree with the bulk rheology measurements showing dramatic increase in 
viscosity as pH decreases in 10 mg/ml PGM by Bhaskar et al and Maleki et al. (Bhaskar 
1991, Maleki 2007). The viscosity of 10 mg/ml PGM at pH 4 is roughly 15 cP, as pH 
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decreases from pH 4 to 2, the viscosity increases by a factor of 20 (Bhaskar 1991). The 
large discrepancy in the viscosity obtained here with microrheology compared to 
previously reported bulk viscosities of PGM reflect that different experimental methods -
- such as oscillatory shear rheology (Celli 2007, Wagner 2017), particle-tracking 
microrheology (Georgiades 2014, Wagner 2017), or falling ball microviscometry 
(Bhaskar 1991) probe the viscoelasticity at different time and length scales. Additionally, 
this variation in viscosity could result from diffrences in mucin purification processes, 
mucin composition and concentration, or the sources from which the mucin was 
collected. However, one can conclude that the overall viscosity increases with increasing 
mucin concentration and decreasing pH. In the interest of our aim to access the influence 
of pH and viscoelasticity on the bacterial motility, we feel that the inherent differences in 
viscosity and their pH dependence in BB10 and PGM provide the best comparison. 
We evaluate the effect of gelation on the mucin profile by computing the lag-time-
dependent spatial heterogeneity (HR) of PGM at various pH following the methods 
described by Rich et al (Rich et al 2011). Briefly, HR is a dimensionless measure of the 
spatial heterogeneity in a non-homogeneous system, defined by the ensemble variance 
and the mean of MSD,  
𝐻𝑅(𝛥𝜏)  =  
𝑣𝑎𝑟(𝑀𝑆𝐷(𝛥𝜏))
<𝑀𝑆𝐷(𝛥𝜏)>2
           (4.3) 
Where Δτ is the characteristic lag time. In particle tracking measurements such as 
described in our microrheology analysis, due to particles constantly diffusing in and out 
of the focal plane, the ensemble averaging of MSD across all particles in a medium with 
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spatially heterogeneous rheology tends to result in a statistical bias toward more motile 
particles, as they have higher probability of leaving and re-entering the field of view, 
producing segmented, shorter tracks. By calculating HR, each trajectory is weighted by a 
factor proportional to its duration in time. As a reference from a theoretical calculation, in 
a bimodal system where there is one-half water and one-half Newtonian fluid of viscosity 
ten times greater than water, HR ~ 0.6 (Rich et al 2011).  
At a characteristic lag time of Δτ = 0.1s, we found that HRBB10 ~ 0.1 at all pHs 
measured, whereas HRPGM increases from ~0.5 to nearly 1 as pH decreased from 6.7 to 
3.7 (Fig. 4.1c). The overall change in HR correlates with the increase in PGM viscosity; 
as pH decreases from 4.6 to 3.7, both viscosity and HR showed a large increase; 
similarly, both showed a steady decline as pH goes from 5.4 to 6.7 (Fig. 4.1c). 
 
Figure 4.1. Microrheology of BB10 and PGM at various pHs. (a) Average mean-square 
displacement (<MSD>) of BB10 (hollow symbols), PGM (filled symbols) at pH 2 – 7 
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averaged across all particles. (b) Bar graphs of α distribution calculated from <MSD> of 
all particles. (c) HR and viscosity of BB10 and 15 mg/ml PGM calculated from the slope 
of <MSD>.  
4.2.2 Confocal imaging of PGM reveals a heterogeneous strucure at low pH 
To observe heterogeneous structure, we obtained DIC confocal images of PGM at pH 3 
and pH 6 (Figure 4.2). At pH 6, PGM has a homogenous, uniform distribution of mucin 
protein strands throughout the field of view. In contrast, at pH 3, the gelation of PGM 
created liquid pockets (regions which are lacking mucin, as indicated by the red arrows in 
the 20X image of pH 3 sample) between mucin clusters. The strand lengths also seemed 
to vary more in the pH 3 sample, indicative of the forming of gel network at low pH. 
 
 
 
Figure 4.2. (a) Confocal DIC microscopy images of porcine gastric mucin solutions at 
pH 6 and 3 with 20X and 40X objectives. The mucin protein strands are displayed as 
white/bright gray on the dark gray background. The red arrows in the 20X image of pH 3 
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PGM point out the liquid pockets with a lack of mucin. (b) The intensity profiles taken 
across the field of view of the 20X images. 
4.2.3 pH dependence of motility of H. pylori in BB10 and PGM  
To determine how the pH and the viscoelasticity of the environment affect the motility of 
H. pylori, we tracked the H. pylori J99 bacteria swimming in BB10 and 15 mg/ml PGM 
with pH level ranging from 2 to 6.3 using phase contrast microscopy recording time-lapse 
images at 40x magnification and 33 fps. We performed a detailed analysis of the movies 
to obtain the bacteria trajectories at each pH in BB10 and 15mg/ml PGM, following the 
methods described in Martinez et al (Martinez et al 2016). From this trajectory analysis 
we obtained distributions of instantaneous speeds (vins), defined as the speed between two 
adjacent time points, and run speed (vrun), which is the average speed over a linear path 
between reorientation events. Lastly, we define a reorientation event as when bacteria 
change the direction in which they were traveling, with a reorientation angle (θre) above 
110o considered a reversal. We found that the bacteria swam in BB10 from pH 3-6.3, 
with a slight decline in the percentage of motile bacteria as pH decreases, and became 
immotile and cocoidal at pH 2. In contrast, the bacteria swam in PGM at pH 4 and higher 
while there were very few swimmers (~5 in total) in the pH 3.5 sample. At pH’s lower 
than 4 when PGM had gelled, bacteria were stuck and observed to rotate in place at pH 
3.5 and pH 3. The reference bacteria in broth remained motile when the PGM 
measurements were conducted confirming that bacteria are viable at low pH and that the 
immotility in PGM was due to gelation of PGM.  
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Figure 4.3 shows the distributions of vins (4.3 a, b) ,  vrun (4.3 c, d)  and θre (4.3 e, f)  at 
various pHs in BB10 and PGM.  
In BB10 (Figure 4.3a, c) we can clearly see that the distribution of speeds, vins  and vrun  
are both non-monotonic with the peak of the speed distributions shifted to the highest 
speed at pH 4. At pH 4 the distributions are very broad in comparison to all the other pHs 
that we measured and there are many bacteria swimming at very high speeds (> 60 μm/s).   
The speed distributions at the other pHs are dominated by slower bacteria (speed < 30 
μm/s)  In PGM also a qualitatively similar non-monotonic behaviour  is observed 
although the shift in peak position is smaller. The peaks of the speed distributions are 
shifted to the highest speeds at pH 5 in PGM.  
Figure 4.3e and 4.3f show the θre distributions of the bacteria trajectories in BB10 and 
PGM. In BB10, bacteria show a decrease in the frequency of  reversals at pH 4 and an 
increase of small angle reorientations,( ~20o), implying that they largely traveled in 
straight trajectories (Figure 4.3e). The other pHs show more or less the opposite behavior 
with more reversals than small angle reorientations. In PGM there are fewer reversals as 
compared to broth; for example, in pH 4 and 6 the bacteria traveled at all directions 
uniformly (Fig. 4.3f).  
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Figure 4.3. Analysis of J99 swimming trajectories in BB10 (left column) and PGM (right 
column) at various pH levels. Smooth histograms summarizing the instantaneous speed 
(vins) distributions (a, b), the run speed (vrun) distributions (c, d), and the turn angle (θre) 
distributions (e, f) of J99 WT in BB10 at pH 3 (solid red), 4 (solid green), 5 (solid 
orange), 5.6 (dashed black), and 6.3 (dashed blue) and in PGM at pH 4 (green), 4.5 (light 
blue), 5 (orange), and 6 (purple). 
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4.2.4 The effect of pH on cell body rotation in BB10 and PGM. 
The hydrodynamics of bacterial swimming at low Reynolds number is vastly different 
from the macroscopic hydrodynamic motions. At low Reynolds number, the inertial 
terms in Navier-Stokes equation are eliminated which results in Stokes equation, which 
states that the motion of an object in a moving viscous, incompressible fluid is described 
by viscous drag, the pressure gradient--considering the tendency of objects leaving 
regions of increasing pressure and moving toward lower pressure--and other net external 
applied force on the object. The two key properties of the Stokes equation are the time 
invariance and linearity. The time invariance dictates that symmetric motion results in net 
zero displacement; to produce thrust, the swimmer must deform in a manner that breaks 
the symmetry under time reversal [Purcell 1977]. As described in details by Constantino 
et al [Constantino et al 2016], the linearity of the Stokes equation leads to the linearity 
between force to speed and torque to rotation of a swimming bacterium, which can be 
written as the resistance matrices:  
(
𝑭𝑓
𝑵𝑓
) = 𝑹𝑓 (
𝑽
𝜴𝑓
)                                               (4.1) 
(
𝑭𝑏
𝑵𝑏
) = 𝑹𝑏 (
𝑽
𝜴𝑏
)                                               (4.2) 
Here Fi is force, Ni is torque, V is translational velocity, Ωi is angular velocity, and f and 
b are flagella and cell body respectively. Total hydrodynamic force can be calculated as 
the sum of the two resistance matrices: 
(
𝐅
𝐍
) = 𝐑b (
𝐕
𝛀b
) + 𝐑f (
𝐕
𝛀b + 𝛀
)                  (4.3) 
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Which does not account for the flagella-cell body interaction. Assuming constant 
relative rotation rate between the flagella bundle and the body, Ωf = Ωb + Ω, and 
incorporating zero-force, -torque on the swimmer at low Reynolds medium, the 
translational and angular velocities can be written as: 
 (
𝐕
𝛀b
) = −𝐑f(𝐑𝐟 + 𝐑b)
−1 (
0
𝛀
)                    (4.4) 
The resistance coefficient matrices, Rf and Rb, depend on factors including cell 
parameters (such as body shape, the pitch angle between flagella bundle and cell body, 
thickness of the flagella bundle) and environmental conditions such as hydrodynamic 
drag or viscosity. From these coefficients one can also calculate rotational and 
translational diffusion coefficient, which is well-defined for spherical objects but non-
trivial for helical shaped objects.  
In this section, we are interested in measuring the effect of pH on cell body rotation 
we imaged the motion of bacteria at a high magnification 100X and fast frame rate 100 
fps as was previously done for H. pylori at neutral pH by Constantino et al (Constantino 
et al 2016). Each frame from the trajectories of individual bacterium recorded as the 
bacterium rotate and translate was used to obtain the cell body rotation at each pH in 
BB10 and in PGM, using the CellTool program. In this high magnification experiment 
only a few bacteria can be tracked as the depth of focus is small and bacteria remain in 
focus for only short trajectories. Moreover, some fast bacteria move out of focus so 
rapidly that they cannot be recorded. These experimental limitations could lead to less 
reliable observations of bacteria swimming speed that would not be representative of the 
whole population of bacteria. Figure 4.4 a, b) show the bacteria swimming speed and 
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body rotation rate (Ω) (Figure 4.4 c, d) at different pHs in BB10 and PGM . In contrast to 
what we have observed in the 40x magnification experiments, the swimming speeds in 
BB10 showed no clear dependence on pH (Figure 4.4 a) and seems to peak around pH 4 
in PGM (Figure 4.4 b).  A comparison of Fig. 4.4c and 4.4d shows that the rotation rate 
in BB10 is only weakly dependent on pH while that in PGM increases as pH decreases 
from 5.5 to 3.5 and then more-or-less levels off. As PGM gels upon lowering the pH 
lowers, the increase in body rotation frequency at low pH presumably implies increased 
rotation speed of flagellar motors in response to the increase in viscosity of the medium. 
We were also able to measure rotation of bacteria that were stuck in the PGM gel below 
pH4. This effect has previously been reported earlier by Celli et al [Celli et al 2009], 
although they were not able to compare rotation rates of stuck vs motile bacteria. We find 
that the stuck bacteria appear to rotate faster at a fixed pH. The values of the stuck 
bacteria rotation rate that we obtained are larger than magnitude to the ~3-10 Hz reported 
by Celli et al (Celli et al 2009), which presumably reflects the differences due to different 
strains of H. pylori  used in our study as compared to Celli et al.  While the bacteria 
swam faster in BB10 than in PGM, the body rotation rates are comparable in the two 
media for most of the data points. (The only one that is significantly lower is the data in 
PGM at pH 5.5 which is based on only 7 bacteria). 
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Figure 4.4. A Cell body rotation analysis using CellTool. (a) A sequence of 100x phase 
contrast images of one bacterium rotating. The scale bar indicates 1 um. (b) An example 
of the contour outlining the body shape of a bacterium and the center line calculated by 
CellTool. (c) An example of a bacterium trajectory, with body shape contours over time. 
(d) The alignment angle of the cell body centerline. Cell body rotation frequency 
distributions at various pH in BB10 (e) and PGM (f). Each data point corresponds to the 
average body rotation of one bacterium. The trend line in (e) was fitted to the median 
rotation frequency at each pH and the line in (f) was only drawn to guide the eyes. 
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Figure 4.5. Median of run speeds, vrun, (left) and body rotation frequency, Ω, (right) of 
J99 in BB10 (red) and PGM (green) and the viscosities of both media at various pH. The 
grey shaded regions represent the gel phase in PGM. 
To summarize the differences of pH dependence of swimming in BB10 vs PGM, we 
compare the pH dependence of the median bacteria swimming speed and body rotation 
rate along with the viscosities in the two media. (Fig. 4.5a,b). As mentioned before, the 
speed data from the high magnification imaging are based on shorter trajectories and thus 
statistically not as reliable as is obtained from the low magnification measurements 
averaged over 100 or so bacteria. The median of both vins and vrun showed similar 
behavior and we use vrun for the discussions below. Thus, in Figure 4.5 a and b we show 
the median vrun and Ω versus pH in PGM and BB10, along with the  pH dependent 
viscosity values of these two media.  It is clear that at all pH’s the bacteria swim faster in 
BB10 as compared to PGM.  Fig. 4.5a shows that the swimming speed shows a clear 
nonmonotonic trend in both media, with a peak at pH 4 in BB10 and pH5 in PGM 
implying that pH influences swimming by impacting the flagella motors and that H. 
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pylori is optimized to swim faster at a somewhat acidic pH. Below pH 5 the swimming in 
PGM reflects not only the effect of pH on flagella motors but also the effect of pH on the 
viscosity of PGM due to the impending gelation below pH 4 (as reflected by the dramatic 
increase in PGM viscosity while that of BB10 is independent of pH). In BB10 bacteria 
were observed to swim even at the lowest pH measured, whereas in PGM bacteria are 
immobile at pH 3, reflecting the constraining effects of the gel network.  The body 
rotation rate (Fig. 4.5b) shows a significantly more pronounced increase as pH decreases 
in PGM as compared to BB10, implying that increased viscosity of the medium is also 
affecting the rotation rate in this case. The dropoff in the rotation rate at pH 3 reflects the 
impairment of flagella motors. At this pH bacteria were coccoidal in both BB10 and 
PGM indicating that under this extreme acidity bacteria are directly impacted by acid.  
4.3 Discussion and Conclusions  
We have investigated the effects of varying pH and viscosity on the motility and body 
rotation of H. pylori in aqueous broth and PGM solutions. Our results show that the 
swimming of H. pylori is influenced by the intertwined interactions of pH on bacteria 
motors, and the viscoelasticity of the environment: while the effect of pH on the flagellar 
motor is to increase its swimming speed as pH decreases below neutral, the increasing 
viscosity and gelation of mucin inhibits swimming at low pH and eventually at pH 3 the 
bacteria are completely trapped in the gelled mucin, in agreement with previous reports 
(Celli et al 2009). 
The results presented here showed that the bacteria swimming speed has a non-
monotonic dependence on pH and H. pylori swims fastest at an acidic pH in both broth 
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and PGM indicating that pH influences the functioning of flagella motors.  The proton 
concentration in the surrounding medium has a direct effect on the swimming speed of H. 
pylori in two aspects: the proton motive force (PMF) and chemoreceptor responses. 
Flagella motors are fueled by PMF, which is directly associated to the proton gradient 
across the bacteria cell membrane. An increase in the external proton concentration 
steepens the transmembrane gradient, and it is possible that the optimal gradient to 
achieve the fastest flagella rotation (hence the fastest swimming speed) occurs around pH 
4, before the PMF starts to fail, and the flagellar motors ultimately do not function when 
the intracellular pH becomes too low and the transmembrane proton gradient decreases 
below pH 3, as seen in our results. This change in the transmembrane gradient and the 
proton motive force has been associated with various changes in bacterial motility. For 
example, E. coli and Salmonella were observed to decrease swimming speeds (Minamino 
et al 2003) and motor rotation rates (Nakamura 2009), while their tumbling is enhanced 
(Kihara et al 1981) in lowered pH environment. In contrast, B. subtilis had shown a 
decrease in both swimming speed and tumbling in low pH (Khan et al 1980). The 
flagellar motors of H. pylori seem to behave differently to the bacteria listed above with 
the swimming speeds increasing with decreasing pH until pH 4, and only at pH lower 
than 4 do their flagella finally slow down like the other bacteria. In addition, we compare 
the effect of pH on H. pylori reversals and found that H. pylori reverses the most at pH 
5.6 and the reversal frequency decreases as pH decreases to 4, when eventually the 
bacteria show the minimum reversal at pH 4. Together with the speed distribution 
analysis, our results suggest that not only do we see a pH-dependence in H. pylori 
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swimming speeds and reversal rates that is opposite to what was documented for E. coli 
and other bacteria, there possibly exists a negative correlation between speeds and 
reversals: H. pylori travels in more straight trajectories at higher speeds, and as the speed 
lowers, the reversal rate increases (Fig. 4.3). It is possible that H. pylori has evolved to 
transit through acidic environment and is potentially not purely acido-phobic. There is 
other evidence which supports that H. pylori thrives in acidic environment, such as in 
presence of urea, an acidic environment was necessary for the survival of H. pylori 
(Clyne et al 1995) and the urease and metabolic activities of the bacteria was found to 
increase at pH 4 and below (Rektorchek et al 1998). Furthermore, while other 
acidophobic pathogens such as Salmonella typhimurium (Foster et al 1991), Vibrio 
cholera, or E. coli could survive acidity and remain motile, they generally lose the ability 
to colonize at low pH (Merrell et al. 2002). On the other hand, despite being commonly 
referred to as an acido-phobe, H. pylori is able to both survive and colonize deep in the 
parietal glands. Due to its unique acid-acclimation pathways that maintains the 
periplasmic pH in acidic media (Marshal 1984, Malaty et al. 2002, Sachs et al 2005), it is 
only in highly acidic environment, such as below pH 4, that the PMF starts to collapse as 
was observed in the present study. 
We report the first observation of the increase in body rotation frequency in PGM 
following the viscosity increases as pH decreases, and also observed that stuck bacteria 
rotate faster than motile ones, perhaps indicating a mechanosensing ability of H. pylori  
trapped in a gel network. We showed that in PGM below pH 5 the pH induced effects of 
increasing viscosity of PGM with decreasing pH take over.  At pH above 5, the 
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swimming speed of H. pylori increased slightly as pH decreases from 6 to 5, reflecting 
both the effect of decreasing pH on flagella as observed in broth and the increase of speed 
as viscosity increases.  The latter has been predicted theoretically and observed in other 
low Reynolds number swimmers as well. However, in the absence of urea, the dramatic 
increase of viscosity below pH 5 starts to constrain the translational movement of the 
bacteria--which is consistent with the results observed by Celli et al [Celli et al 2009.  
The change in speed with pH also correlates with increasing heterogeneity in PGM as pH 
decreases and viscosity increases. The gelling of PGM could trap bacteria in liquid 
pockets (as shown in the confocal images of Figure 4.2) or the bacteria flagella can be 
physically stuck in the gel network. For stuck bacteria the translational energy could be 
shifted into rotational energy, which might explain the increase in rotational frequency of 
the cell.  
4.4 Methods 
4.4.1 J99 culturing 
H. pylori strains J99 WT was provided by Prof. Thomas Borén, Umeå University, 
Sweden. J99 was cultured on Brucella agar (Brucella Medium Base, Oxoid, Basingstoke, 
Hampshire, England) supplemented with 10% sheep blood, 1% IsoVitox (Oxoid), 4 mg/L 
amphotericin B, 10 mg/L vancomycin and 5 mg/L trimethoprim, then inoculated in liquid 
media containing 10% fetal bovine serum and 90% Brucella broth. Plates were 
maintained at 37°C under microaerobic conditions in a tri-gas environment using BD 
GasPak systems. Cultures were incubated for 45-72 hours on sheep blood plates and for 
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12-18 hours in liquid cultures on the shaker. 
4.4.2 PGM preparation 
PGM was collected from pig stomach epithelium and purified with Sepharose CL-2B 
column chromatography, followed by density gradient ultracentrifugation, described in 
Celli et al. and more fully in the original reference Gong et al. 0.75 mg of lyophilized 
PGM powder was dissolved in 40 ul of sterile water, the solution reaches the final 15 mg 
ml-1 concentration after 10% bacteria and 10% pH buffer (0.1M phosphate succinate) 
were added. PGM was allowed to hydrate for 48 hours in 4°C before use.  
 
4.4.3 Microrheology: sample prep, particle imaging, particle tracking, microrheology 
analysis 
Fluorescent particles of 1.001 μm diameter (Polysciences) were added to each sample to 
obtain 0.054% of final bead concentration by volume for all experiments. For 
measurements in the absence of bacteria, samples were incubated at 37°C for 30 minutes. 
For measurements in the presence of bacteria, mucin samples were first incubated at 
37°C for 30 minutes. Bacteria was cultured in liquid broth (BB10) to an O.D.600 of 0.55-
0.85 then added to each sample to reach a 10% bacteria mixture by volume. The bacteria 
mixture was incubated at 37°C under microaerobic conditions and constant agitation for 
45 minutes. After the incubation period, fluorescent particles were added to the samples 
prior to measurements. A 10 μl volume of each solution was pipetted onto a standard 
glass microscope slide with a spacer (Secure Seal Imaging Spacer, 9 mm in diameter, 
0.12 mm in depth) and sealed with a coverslip. The movies were acquired immediately at 
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room temperature (~21°C) with an Olympus I70 inverted optical microscope equipped 
with a 40x phase contrast lens (0.65 NA) and an Andor Zyla 5.5 sCMOS camera at 100 
fps and 6.5 μm per pixel size. Fluorescent particles were excited using Olympus BH2 
Mercury arc source. Imaging focus was optimized at the center Z positions of each 
sample to minimize edge effects. Three-second videos were obtained from several 
different x-, y- positions with optimal z-position throughout each sample. The Brownian 
motion of the particles was tracked in MATLAB [v7.12.0] using PolyParticleTracker 
routine which locates the center of intensity of each tracked object with a polynomial 
Gaussian fit. Mean square distance, elastic and viscous moduli, and the viscosity of each 
sample were calculated based on the tracker position output. 
4.4.4 Motility: cell imaging, tracking, motility analysis 
Each mucin and reference BB10 sample was incubated at 37°C for 45 minutes. Bacteria 
were cultured in liquid broth (BB10) to an O.D.600 of 0.55-0.85 then added to each 
sample to produce a 10% bacteria mixture by volume. The bacteria mixture was 
incubated at 37°C under microaerobic conditions and constant agitation for 45 minutes. A 
10-μl volume of each sample was applied to glass microscope slides with secure seal 
spacers and sealed with coverslips. The samples were imaged immediately at room 
temperature using an Olympus IX70 inverted phase contrast microscope equipped with a 
40x objective lens (0.65 NA), a halogen light source, and an Andor Zyla 5.5 sCMOS 
camera at 33 fps and 6.5 μm pixel size. Nine-second videos of bacteria swimming in mid-
plane between the coverslip and microscope glass slide were acquired using Micro-
Manager open source acquisition software. Bacteria trajectories were tracked using 
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PolyParticleTracker MATLAB routine. Swimming speed distributions, reorientations, 
and number of reversals were calculated from the tracker output. 
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CHAPTER FIVE: Chemotaxis of H. pylori in Presence of a Linear pH-gradient 
5.1 Introduction 
H. pylori utilizes chemotactic responses to promote infection in the stomach. Abundant 
amount of publications over the past decades showed strong evidence that chemotaxis is 
an essential tool for H. pylori to locate nutrients, such as urea and arginine, and escape 
from toxic substances such as acid. Various studies involving non-chemotactic mutants 
have shown severe attenuation in colonization rate; the bacteria lacking particular 
chemoreceptor proteins either did not colonize the system at all [McGee et al. 2005, 
Foynes et al. 2000] or they colonized defectively [Williams et al. 2007, Rolig et al. 2011, 
Terry et al. 2005, Rolig et al. 2012, Aihara et al. 2014, Keilberg et al. 2016]. In some 
cases, the non-chemotactic mutants required 100-fold more cells to even initiate 
colonization [Terry et al. 2005]. Chemotaxis has also been shown to be critical during the 
early stage and the maintenance of infection; non-chemotactic mutants often struggle 
with navigating themselves into gastric glands, whereas the wild type was shown to 
successfully infect many more glands and the bacteria population in each gland expands 
steadily over periods of time [Keilberg et al. 2016, Johnson and Ottemann 2018]. 
Moreover, a significant portion of wild type H. pylori is often found in the gastric mucus 
layer in infected individuals—which could enhance the possibility of their survival—with 
a fraction of the bacteria in proximity to the epithelium. In contrast, non-chemotactic 
mutants were certainly not as successful in targeting favorable locations and were 
observed to be less closely associated with the epithelium [Williams et al. 2007]. Lastly, 
in case of competitions, non-chemotactic mutants were always outcompeted by the wild 
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type in mice by over 1000-fold during sequential infections [Terry et al. 2005, 
Andermann et al. 2002], even if the wild type was introduced into the system as a 
secondary infection after the primary infection by mutants. Interestingly, a secondary 
wild type is unable to displace a primary wild type infection [Terry et al. 2005, Keilberg 
et al. 2016]. 
Infections with H. pylori have been recorded predominantly in the antrum region of 
the stomach, but little is known about how the bacteria navigate to the colonization sites. 
Several studies suggested that the gastric acidity dictates this observation [Akada et al. 
2003, Lee et al. 1995, Veldhuyzen et al. 2003]. Schreiber et al. demonstrated that 
Helicobacter species use the pH gradient within the gastric mucus layer for precise 
spatial orientation and in absence of a pH gradient the bacteria were found throughout the 
gastric mucus [Schreiber et al. 2004]. Furthermore, inverting bicarbonate/CO2 or 
urea/ammonia gradients did not change the bacteria orientation within a pH gradient, 
implying the possibility that pH dominates over other chemotactic responses [Schreiber 
et al. 2004]. The importance of pH-taxis thus far has been established, however, it was 
not yet clear the extend pH-taxis guides the bacteria away from acidity.  
A theoretical model based on earlier experimental work describing bacteria 
chemotaxis in terms of bacterial responses to chemical gradients and bacteria population 
density was proposed by Lapidus and Schiller [Lapidus and Schiller 1978]. Briefly, given 
that the bacteria population density in a channel is b(x,t), the change in bacteria 
population density at a position in the channel can be written in terms of bacterial flux 
  
103 
𝜕𝑏
𝜕𝑡
= −
𝜕𝐽
𝜕𝑥
+ 𝑅𝑏                                    (5.1) 
Here J is the bacterial flux through a cross section of the channel and R is the bacteria 
growth rate, which generally depends on the environmental factors including nutrient 
concentrations or temperature. In this model the only variable considered is nutrient 
concentration and the other environmental factors are assumed to be constant. The flux 
consists of two terms: the diffusive flux, JD, and chemotaxis flux, JC, 
𝐽𝐷 = −𝜇
𝜕𝑏
𝜕𝑥
                                            (5.2) 
𝐽𝑐 = 𝛿𝑏
𝜕
𝜕𝑥
[
𝑠
𝑠+𝑘
] = 𝛿𝑏
𝜕
𝜕𝑥
𝑓                    (5.3) 
Here µ is the random motility, δ is chemotactic motility, and s is the concentration of 
chemoattractant or chemorepellent, which is a function of position inside the channel. 
The chemotactic motility, δ, and sensitivity constant, k, are assumed to be fixed. 
Equation 5.3 was constructed based on the experimental observation that bacterial 
chemotactic response is proportional to the chemoattractant concentration gradient. 
Combining Equation 5.1 to 5.3, the bacteria density can be written as follow: 
𝜕𝑏
𝜕𝑡
= 𝜇
𝜕2𝑏
𝜕𝑥2
− 𝛿
𝜕𝑓
𝜕𝑥
(
𝜕𝑏
𝜕𝑥
) − 𝛿
𝜕2𝑓
𝜕𝑥2
𝑏 + 𝑅𝑏 (5.4) 
In case of a slow chemoattractant diffusion, the change in nutrient concentration depends 
on the consumption rate of the bacteria (𝝀) only, 
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𝜕𝑠
𝜕𝑡
= −𝜆𝑏                                               (5.5) 
Where 𝝀 is assumed to be constant in this model.  
In order to solve equation 5.4 and 5.5 numerically, parameters including motility, 
sensitivity constant, nutrient consumption rate needs to be extrapolated from 
experimental data. The model simulated a band of high bacteria population density 
forming in presence of chemoattractant and the traveling of the band as the nutrient 
concentration gradient evolves and moves along the channel over time [Lapidus and 
Schiller 1978]. 
In a separate experiment, Croxen et al. described their observation of H. pylori band 
formation in presence of an acid gradient; upon detection of strong acid, H. pylori 
migrated away from the acid source, and a band formation was observed in the region 
where the pH was favorable [Croxen et al. 2006].  
Inspired by the previous work described above, the main objectives of this study are 
1) to establish a stable linear pH gradient and 2) to monitor H. pylori motility and 
chemotactic response to the pH gradient.  
While acid alone diffuses through broth solution rapidly, the addition of colloidal dye 
molecules was observed to create a non-steady state gradient in the single channel 
microfluidics. We suspect that the interactions between the dye and acid form large 
aggregates which results in the diffusion rate which slowed down roughly three orders of 
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magnitude. 
H. pylori showed the most prominent chemotactic response in the pH range 3-4.5; 
below pH 3 the bacteria became immotile and above pH 4.5 the bacteria resumed 
undirected swimming trajectories similar to those observed in homogeneous 
environments. Trajectory densities, percentage of mobile bacteria, and total number of 
bacteria increase toward the higher pH, all corresponding to the acid diffusing across the 
channel, which leads to a clearing of the field at low pH typically observed with H. pylori 
in a pH gradient [Croxen et al. 2006] or in presence of an acid source [Howitt et al. 
2011].  While a biofilm or a band formation of bacteria was previously reported in 
response to a pH gradient [Croxen et al. 2006], we did not observe such a discrete band 
formation, although the migration of the bacteria front looks very similar to that 
calculated by Lipidus and Schiller [Lipidus and Schiller 1978]. This suggests that we are 
only observing the forward edge of a band of migrating bacteria population with the back 
edge not clearly defined. The instantaneous speeds of several individual bacteria 
swimming in directed trajectories were analyzed; bacteria were observed to slow down as 
they enter the pH 4.5 - 5 range from lower pH. Lastly, the pH results were compared to 
the response of H. pylori in presence of a chemoattractant, urea. 
5.2 Results and Discussion 
5.2.1 Development of a point acid source assay  
Initially we conducted a qualitative visual study using a pH-gradient assay set up in a 
petri dish following prior work with H. pylori [Howitt et al. 2011]. A point acid source 
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was created by supplying a small acid flow using a syringe pump and micro-glass tip. In 
this assay, before the acid was injected, the bacteria showed no preferential swimming 
directions, and within a couple seconds after the acid injection began, H. pylori was 
observed to migrate away from the vicinity of the injecting point, which is consistent to 
previous results [Howitt et al. 2011]. However, due to technical difficulties such as a lack 
of smooth maneuvering of the microglass tip without a micromanipulator or proper flow 
rate control with the micro-tips, it was challenging to establish a well-defined pH profile 
for quantitative analysis. There also exists a question of the third-dimension acid 
diffusion that could affect the bacteria distribution, depending on the depth the glass tip 
located in the sample. In view of these difficulties we abandoned this approach and 
instead focused on setting up linear pH gradients. 
5.2.2 Acid diffusion rate slowed down in presence of dye 
Establishing a steady acid gradient in liquid is a non-trivial process. A single channel 
microfluidic device manufactured by Ibidi® (Figure 5.1a and b) was adapted in aim to 
create a linear pH gradient via Fickian acid diffusion. The main channel was initially 
filled with brucella culture broth at pH 6. To create a gradient, a reservoir on one end of 
the main channel is filled with the same culture broth at pH 6 (shown in green), and a 
reservoir on the opposite end of the channel is filled with hydrochloric acid at pH 2 
(shown in red), as illustrated in Figure 5.1c. The concentration of pH sensitive fluorescent 
indicator is constant throughout the channel and the reservoirs. The large proton (H+) 
concentration differential at the interface between the acid reservoir and main channel 
causes a flux of acid into the main channel, leading to non-steady state diffusion with a 
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concentration gradient across the channel which evolves over time.  
 
Figure 5.1. Ibidi® μ-slide III3in1 microfluidic channel. (a) Photograph of the device. (b) 
the geometry and dimensions of the channel. (c) a cartoon (not drawn to scale) 
illustrating the setup of acid reservoir and the acid gradient.   
 
To profile the pH gradient over time, fluorescence images were collected at a fixed 
point in the microfluidic channel. Figure 5.2 shows the montages and average light 
intensity profiles of acid diffusion in broth in the channel over time, collected using a 
fluorescence microscope with a 4X objective. The acid diffusion was examined in two 
cases: 1) acid and broth with only the fluorescence pH indicator added (Fig. 5.2 a, b), and 
2) acid was dyed with Coomassie Brilliant Blue (CBB) and the fluorescence indicator 
was added to both acid and broth (Fig. 5.2 c,d). In the first case, the progression of acid 
from left to right through the channel is monitored by the increase of fluorescence 
intensity--which indicates the decrease of pH--across the channel over time, whereas in 
  
108 
the second case, it is the decrease in light intensity--due to lowered light transmission by 
CBB--which indicates the wave front of the acid diffusion.  
As shown in Figure 5.2a and b, in presence of only the fluorescence pH indicator, 
acid was observed to travel across the field of view (~3mm) in 5-6 seconds. The 
fluorescence intensity profile shows the acid wave front traveling toward +x direction 
from 1 second to 5 second, and eventually flattens after 5 seconds, when the channel 
reaches a constant pH. In contrast, in case where CBB was added to the acid, as shown in 
Figure 5.2c and d, we first observed an overall increase in fluorescent brightness occurs 
between 0 second to 1 second, indicating a flux of acid diffusing across the field, follow 
by observed a wave of lowered intensity front indicating the secondary diffusion of acid 
that were bound to CBB colloids aggregates. The experiment was conducted using 2.4 
mM of CBB and 2 mM of HCl, the assumption was made that all the protons in the acid 
have bound to the dye molecules. The observed non-steady state gradient is the 
concentration gradient of the proton bound CBB aggregates. The proton-bound CBB 
aggregates diffused across the same distance after 50 minutes instead of within seconds. 
The field of view only finally reaches a homogeneous low intensity profile after about 
one hour 15 minutes (data not shown).  
The observations presented in this chapter thus far confirm the difficulties in creating 
a gradient due to the fast diffusion of acid in broth. In fact, an abundant amount of work 
has shown that to establish acid gradients, one needs to use sources that could slow down 
acid diffusion, such as by applying an external electric field to acid in agarose gel or 
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utilizing synthetic carrier such as ampholytes [Berkelman 2005]. The observation 
presented here suggest that while fluorescent indicator didn’t have the same effects, CBB 
dye could play a role in slowing down acid diffusion hence creating a monitorable non-
unsteady state gradient. While there is not a simple explanation for the slowing of the 
acid diffusion in presence of CBB, there are indeed several factors that one could 
consider. First of all, CBB has a much higher molecular weight (825.97 g/mol) in 
comparison to proton alone (1 g/mol) or hydrochloric acid (36.46 g/mol), and is about 
twice that of the fluorescent dye (398.46 g/mol). Secondly, CBB consists of colloidal dye 
molecules which bind to H+ and can form aggregates of different charge states at various 
pH; the electrostatic interactions between the molecules could influence intermolecular 
cohesive force which plays a crucial part in capillary effect. Lastly, the diffusion 
coefficient of hydrochloric acid ranges from 2 - 6.3 x 10-5 cm2/s [Leaist and Wiens 1985], 
while the information is not available for CBB, the diffusion coefficient for a sister dye, 
Brilliant Blue FCF (molecular weight 793 g/mol) is ~ 6 x 10-6 cm2/s, an order of 
magnitude slower implying a 10-fold increase in the time taken for the acid bound to dye 
to diffuse a given distance as compared to free, unbound acid.  
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Figure 5.2. Montages of fluorescence microscopic images and average light intensity 
profile of acid diffusion in the microfluidic channel. (a) Acid and broth were dyed with 
pH sensitive fluorescent indicator; the brighter intensity indicates lower pH. (b) The 
average fluorescence intensity profile across the channel, showing the progression of acid 
wavefront traveling across the field of view within several seconds. (c) Acid is dyed with 
CBB dye in addition to the fluorescent pH indicator; the lower intensity indicates the low 
pH as CBB hinders the fluorescent transmission. (d) The average fluorescence intensity 
profile across channel, showing progression of acid with CBB across the field of view 
over time. 
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5.2.3 pH-taxis of H. pylori 
To monitor the chemotaxis of H. pylori, bacteria in culture broth was added to the 
channel in place of broth and acid gradient was introduced as described in the previous 
subsection. For this assay, the bacteria were used directly from the brucella broth culture, 
as resuspension or centrifugation can result in a population with poor motility as noted 
previously [Foynes et al. 2000]. In this study we used Hydrion universal pH indicator 
which consists of multiple dyes, such as bromthymol blue and methyl red, which are in 
the similar category to CBB in slowing down the diffusion of acid and furthermore the 
pH values are indicated by the color of the dyed solution as different dyes are activated 
over different pH ranges. The pH indicator was at a constant concentration in the 
reservoirs and the main channel. The pH values were recorded by observing the color 
changes visually by eye, which occurred along the channel over time after the addition of 
acid. The presence of the acid gradient was clearly indicated by the color separations in 
the channel. Microscope images were not collected due to the lack of color image 
capability. 
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Figure 5.3. Z-stack images of phase contrast microscopy videos demonstrating bacteria 
trajectories in homogeneous pH 6 broth (left) and in presence of a pH gradient. Bacteria 
are shown as dark objects on grey background. 
To demonstrate the influence of acid diffusion on motile bacteria distribution across 
the field, phase contrast microscopy videos were acquired at a fix point over time in the 
microfluidic channel. The left image in Figure 5.3 shows the Z-stack image of a video 
recorded before the acid was added to the channel and the pH is homogenous throughout 
the field at 6. The bacteria are black objects on the grey background and motile bacteria 
are shown as the black lines due to their displacements as a result of stacking images. In 
homogeneous environment, bacteria show no particular preference in their swimming 
directions, and trajectory density is constant across the field. In contrast, the trajectory 
density across the field in presence of a pH gradient (pH 3 to 4.5 from left field toward 
right field) shows a clear difference even to the eyes (Figure 5.1 right). To quantify the 
effect of the gradient, the number of motile/immotile bacteria, the total population size, 
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and the percentage of motile bacteria were computed at a fix point over time (Figure 5.4).  
The acid was introduced from position x = 0 μm and let diffuse toward +x direction. 
The trajectories across a 400 μm length were analyzed at various time points (Figure 5.4). 
Before the acid was introduced to the system, the bacteria swimming trajectories was 
recorded to establish the baseline motility of the population; most of the bacteria were 
motile (showed translational displacements) and swimming directions were random. Two 
minutes after pH 2 HCl was introduced to the system, the number of motile bacteria 
dropped to half of the initial number of swimmers (~150 bacteria) and the total number of 
trajectories dropped by approximately one third of the initial population size (Figure 5.4). 
After 6 minutes of acid diffusion, three regions can be identified by eye based on 
bacterial activity: the inactive zone, the chemotactic zone, and the neutral zone. The 
inactive zone has less than 20% of the initial number of swimmers and the few motile 
bacteria that remained in the region were visibly sluggish. Immotile bacteria with 
cocoidal body shape were also observed in this region. The pH range of the inactive zone 
spans pH 2 – 3, as estimated by Hydrion universal indicator. The chemotactic zone is 
characterized by a pH ranging from pH 3 to less than 5, the number of swimming bacteria 
roughly 50-60% of the initial population, and most importantly, bacteria showed various 
level of directed swimming trajectories (Figure 5.3 right). The neutral zone is where the 
pH is greater than 5 and bacteria resumed to essentially random swimming directions that 
is similar to their swimming behavior in a homogeneous, pH neutral environment.  
The average trajectory length, and the net population movements along the pH 
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gradient are computed (Figure 5.5). Figure 5.5b is the overview of the number of motile 
bacteria and the average trajectory length corresponding to the pH of each region. The net 
population movement was determined by comparing the x component of the bacteria 
velocity vector, vx. The distribution of vx across the chemotactic zone and the neutral zone 
are compared in Figure 5.5c. The -vx indicates velocity toward lower pH and +vx 
corresponds to higher pH. As expected, in the neutral zone the population showed equal 
preference toward either direction. Interestingly, percentage of bacteria traveling toward 
higher pH, computed by taking the fraction of +vx across the ensemble, was the highest 
for bacteria traveling from pH 3.5 – 4, about 72%, whereas bacteria in pH 3 – 3.5 or pH 4 
– 4.5 ranges only showed 63% and 57% preference.  
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Figure 5.4. Bar graph summarizing the number of motile bacteria, the number of 
immotile bacteria, total number of bacteria/size of the population, and the percentage of 
motile bacteria across 400 μm distance before acid was introduced and various time 
points after acid diffusion; pH 1 HCl was introduced from x = 0 μm and let diffuse 
toward +x direction for 2 minutes, 6 minutes, 10 minutes, and 15 minutes. 
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Figure 5.5. (a) Bar graph summarizing the number of swimmers across 400 μm distance 
before acid was introduced and various time points after acid diffusion; pH 1 HCl was 
introduced from x = 0 μm and let diffuse toward +x direction for 2 minutes, 6 minutes, 10 
minutes, and 15 minutes. (b) Bar graph showing the number of swimmers and the 
average trajectory length of motile bacteria across the pH gradient 2 to 6. (c) Histograms 
showing the x component of velocity vectors (vx) of bacteria along the pH gradient in the 
chemotactic and neutral zones.  
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5.2.4 Assessment of motility and chemotaxis 
To examine how a pH gradient influences the motility of H. pylori on the population 
level, the instantaneous speed distribution was computed across populations spanning 
different pH ranges. Bacteria swimming trajectories were recorded using phase contrast 
microscopy and an Andor Zyla sCMOS camera at 40X magnification and 33 frames per 
second for 9 seconds. Videos were obtained at two locations, one covers pH range 3 to 
4.5, and the other from 4.5 to 5.56, and three to four videos were obtained at each 
location. The results presented below were analyzed from one video from each range, 
each video was sectioned based on the pH, with each slice covering 0.5 increment in pH 
(Figure 5.6 a) Figure 5.6b shows the instantaneous speed distributions of H. pylori from 
pH 3 to pH 5.5. From pH 3 to 4.5, the speed distribution shows two types of swimmers, 
slow swimmers and fast swimmers, as indicated by two peaks.  In the lowest range of pH 
from 3 to 3.5 the fraction of fast swimmers (peak around 25 μm/s)  is slightly less than 
slow swimmers (peak around 15 μm/s). In the next slice of  pH over the interval 3.5-4, 
we observed a decrease in the amount of slower swimmers--as indicated by the lowering 
of the peak at 15 μm/s--and an increase of faster swimmers  as well as an increase of the 
speed as indicated by the shift of the fast peak to around 32 μm/s. As pH increases further 
to 4-4.5, the amount of slow swimmer increases again as indicated by the peak at 15 
μm/s. We also observed a still faster population of swimmers at pH 4-4.5 at two peaks 
centered around 35 μm/s and 48 μm/s. In contrast, at higher pH from 4.5 to 5.5, the 
instantaneous speed distributions are indistinguishable over pH 4.5 to 5 and 5 to 5.5 
where we observed one peak at around 20 μm/s, with a slight asymmetry on the higher- 
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speed part of the distribution with shoulders on the main peak indicating the presence of  
small populations swimming around 25 and 35 μm/s (Figure 5.6b). The highest peak 
centered around 48 μm/s observed in pH 4-4.5 was not observed at pH 4.5 to 5 nor 5 to 
5.5. As discussed previously in Chapter Four, the swimming speed and direction of H. 
pylori depends on the proton motive force that fuels the flagella motors and the 
chemoreceptors responsible for bacterial chemotaxis, both factors are sensitive to the 
environmental proton concentration and optimal swimming was observed in 
homogeneous broth at pH around 4. The results shown here further suggest that the pH 
range 3.5 to 4 could be the optimal proton concentration to induce the fastest swimming 
speeds. 
The average values of speeds and standard deviation over the different pH ranges are 
summarized in Table 5.1. The table also shows that the percentage of motile bacteria 
increases with increasing pH.  
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Figure 5.6. (a) Z-stack images of phase contrast microscopy videos demonstrating 
bacteria trajectories in pH 3-4.5 (left) and 4.5-5.5 (right). (b) Instantaneous speed 
distribution of in pH 3-4.5 (left) and 4.5-5.5 (right) at various pH ranges. The speed 
distribution for pH 4-4.5 is duplicated to compare with the distributions at pH 4.5-5. 
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pH <vins> σ vslow vfast Median %motile 
3-3.5 22.4 9.4 15 25 20.7 54 
3.5-4 27.9 9.3 15 32 29.3 63 
4-4.5 21.8 10.7 15 35, 48 19.4 72 
4.5-5 19.9 7.4 17 - 18.5 81 
5-5.5 19.6 6.9 17 - 19.1 78 
Table 5.1. Average instantaneous speed, <vins>, standard deviation, σ, the position of 
local maxima of slow (vslow) and fast (vfast) peaks, and median of the bacteria and 
percentage of motile bacteria at different pH ranges. 
5.2.5 Individual trajectories in presence of pH gradient 
The swimming pattern of H. pylori is described in Chapter One: Introduction. Briefly, in 
a homogeneous environment, H. pylori exhibits a 'run-reverse' swimming pattern; the 
bacteria travel in a forward or reversed direction, with stopping events in between runs 
resulting from bacteria unbundling and bundling the flagella to change swimming 
directions, namely the reorientation events. During a chemotactic run, the number of 
reorientation events, the swimming directions, and swimming speeds are as expected 
influenced by the presence of a gradient. Several chemotactic trajectories that cover a 
large enough pH range were analyzed to investigate the bacteria swimming speed change 
response to acid at the individual cell level. An example trajectory of H. pylori is shown 
in Figure 5.7.  This trajectory shows five long runs and two clear reorientation events 
where speed slows down as the bacterium reorients between straight runs, which is 
characteristic of H. pylori swimming in presence of a chemorepellent. In this particular 
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case, the bacterium is traveling from left towards right; the pH at the starting point was 
3.5 and the pH at the end point of the trajectory was roughly 4. The average run speeds—
calculated by taking the mean of instantaneous speeds between reorientation events, as 
indicated by the arrows in Figure 5.7—of the bacterium along the full path is summarized 
in Table 5.2 as Cell #3. A total of seven bacteria trajectories could be recorded and were 
analyzed in a similar manner l (Table 5.2). While it is not conclusive due to the limited 
number of trajectories available for this analysis and the differences in individual 
bacteria, shape, size and number of flagella—demonstrated by the speed differences 
between bacterium #1 and #2 even though they travel across the same pH range (Table 
5.2) – the bacteria swim fastest at pH around 4 and seem to slow down when they reach 
pH 4.5 or 5 regions. It was a challenging task to acquire long trajectories to monitor the 
changing in speed due to the limitation of the depth of field at 40X microscope 
magnification, as the bacteria are unlikely to stay in the same plane of focus. It would be 
interesting to pursue individual trajectory analysis perhaps utilizing single cell 
microfluidics channels. 
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Figure 5.7. (a) An example of an individual swimming trajectory. The bacterium is 
traveling from left to right, from pH 3.5 to 4. Each arrow indicates the section of 
trajectory that the run speed was calculated from. The run speeds of this bacterium (Cell 
#3) are summarized in Table 5.2. (b) The instantaneous speeds along the trajectory. The 
color scale indicates the instantaneous swimming speed of the bacterium.  
Cell Starting 
Point pH 
End 
Point pH 
vrun  
[μm/s] 
<vrun> 
[μm/s] 
1 3.0 3.2 51.7 ± 4.1, 37.8 ± 3.4, 46.3 ± 3.2, 48.3 ± 2.2 46.0 ± 3.3 
2 3.0 3.2 29.8 ± 3.4, 33.4 ± 4.2, 32.5 ± 4.3 31.9 ± 3.5 
3 3.5 4 
34.0 ± 3.5, 35.7 ± 2.3, 35.9 ± 3.7, 37.8 ± 3.7, 27.7 ± 
6.4 
34.2 ± 4.6 
4 3.9 4.6 
42.1 ± 4.6, 36.1 ± 3.2, 38.9 ±3.4, 42.8 ± 4.1, 35.8 ± 
3.6, 43.0 ± 4.1 , 34.2 ± 3.6, 40.9 ± 3.5 
39.2 ± 5.4 
5 4.0 4.3 
25.0 ± 1.7, 33.3 ± 2.5, 26.4 ± 3.1, 20.4 ± 2.1, 16.2 ± 
2.3 
24.3 ± 2.7 
6 4.0 4.5 
35.7 ± 3.6, 33.2 ± 2.8, 27.8 ± 5.9, 18.5 ± 2.6, 24.6 ± 
3.7, 31.3 ± 4.5, 23.2 ± 3.3 
27.8 ± 5.2 
7 4.3 4.5 
28.7 ± 1.7, 24.3 ± 2.5, 20.7 ±2.4, 23.7 ± 2.5, 23.8 ± 
3.1 
24.2 ± 2.8 
 
Table 5.2 The run speeds, vrun, along individual bacterium swimming trajectories and 
average run speeds, <vrun>, across each whole trajectory. 
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5.2.6 Chemotaxis toward urea 
Lastly, the preliminary chemotaxis results of bacteria in response to a source of 
chemoattractants (positive chemotaxis, where bacteria travel toward a chemical source) is 
compared to the results of swimming away from a chemorepellant (acid). For this 
measurement, urea mixed with porcine gastric mucin was used as a chemoattractant 
source. It is known that both mucin and urea are chemoattractants for H. pylori 
[Nakamura et al. 1998, Foynes et al. 2000]. Brucella broth with bacteria culture was 
placed onto a microscope slide and a drop of chemoattractant was seeded next to the 
culture broth creating a contact. The two solutions were immiscible and a clear boundary 
remained. Phase contrast microscopy videos were recorded at the boundary to monitor 
the motility and chemotaxis of the bacteria. To examine the net movement of the bacteria 
population, vx distributions in presence of a pH gradient, a urea and gastric mucin source, 
and a homogeneous, aqueous pH 6 environment are compared (Figure 5.8). In case of the 
acid gradient (wasabi green), +x direction indicates higher pH and -x indicates lower pH; 
the distribution shown here covers pH range pH 3 to 4.5—where the chemotactic 
response was most prominent (the chemotaxis zone). In case of chemoattractants (dark 
purple), +x direction indicates the presence of mucin and urea, whereas -x shows lack of 
source. Lastly, there is no difference between positive and negative directions in the 
homogeneous case. The bacteria showed 82% preference toward urea plus mucin source 
at this particular attractant concentration, when in presence of a pH gradient, the bacteria 
showed only 63% preference toward higher pH, implying that perhaps there is greater 
sensitivity or larger number of receptors or both in the chemoattractant case. 
  
124 
 
Figure 5.8. Histogram summarizing vx distribution in homogeneous pH 6 broth solution, 
in presence of acid, and in presence of mucin plus urea; +x direction indicates higher pH 
or the presence of chemoattractants and -x direction indicates low pH or the absence of 
any source. 
5.3 Conclusions   
In this chapter, a microfluidic assay was developed to investigate the chemotaxis of H. 
pylori in a pH gradient. There were several technical challenges to maintain an acid 
gradient due to the rapid diffusive nature of acid in water/broth solutions. With the 
addition of colloidal Coomassie Brilliant Blue dye, a non-steady state concentration 
gradient of acid-dye aggregates was observed in broth. The acid-dye concentration 
gradient traveled at rate roughly three orders of magnitude slower than the diffusion of 
pure acid. However, it is not clear how much the addition of CBB has neutralized the acid 
and follow-up measurements to confirm the validity of the acid gradient will be needed in 
the future.   
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Using the present setup, the bacteria exhibit chemotactic behavior in response to acid 
gradients, but the directed swimming trajectories were only observed in a specific pH 
range, which was estimated to be pH 3–4.5 in the preliminary results. As has been 
discussed to a great extent in Chapter Four, the chemoreceptors and flagella motors of H. 
pylori need an optimal proton concentration in the environment to trigger the fastest 
swimming speed. It was speculated that the optimal speed occurring at a slightly acidic 
(pH 4) environment could imply an escape mechanism of the bacteria sensing chemical 
environment, which is consistent with the chemotaxis results presented here. Bacteria in 
the pH range 3–4.5 sense the proton concentration that indicates their proximity to 
dangerously highly acidic region and quickly navigate themselves out of the zone. 
Interestingly, previously it has been speculated that the pH-taxis of H. pylori dominates 
over other chemotaxis including urea or bicarbonate in guiding the orientation of bacteria 
in the gastric mucus layer [Schreiber et al. 2004]. However, in this work we observed 
greater percentage of bacteria moving towards urea plus mucin at this particular 
concentration, as compared to acid in broth. Future measurements using different urea 
source concentrations and better-controlled gradients are needed to confirm or deny this 
observation.   
Additionally, our results show that the number of swimming bacteria and the average 
trajectory length both showed a pH dependence increasing toward higher pH. Similar to 
the observations presented here, Croxen et al., described a 'clearing of the field' 
phenomenon, where the density of bacteria drops along a pH gradient in the region 
corresponding to low pH and looks like the bacteria were cleared [Croxen et al. 2006]. 
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This phenomenon could be due to motile bacteria leaving the acidic region or possibly 
the weaker bacteria becomes intoxicated or died and sink to the bottom of the channel, 
out of the plane of view. 
Similar experiments to create a pH gradient in porcine gastric mucin were attempted 
using several different microfluidic configurations. It was challenging to create a well-
defined profile due to mucin gelling and swelling, creating an uneven landscape. Acid 
also does not diffuse through mucin in homogeneous manner due to the heterogeneity in 
the mucin, which essentially makes creating linear gradient at the micro-scale quite 
impossible with this volume.  As an alternative, we examine in the next Chapter the 
creation of a channel of acid through PGM and this system may be a promising approach 
for examining the chemotaxis of bacteria in the vicinity of a channel of acidic pH.   
 
5.4 Materials and Methods 
5.4.1 H. pylori culturing conditions  
H. pylori strains J99 was cultured on Brucella agar (Brucella Medium Base, Oxoid, 
Basingstoke, Hampshire, England) supplemented with 10% sheep blood, 1% IsoVitox 
(Oxoid), 4 mg/L amphotericin B, 10 mg/L vancomycin and 5 mg/L trimethoprim, then 
inoculated in liquid media containing 10% fetal bovine serum and 90% Brucella broth. 
Plates were maintained at 37°C under microaerobic conditions in a tri-gas environment 
using BD GasPak systems. Cultures were incubated for 45–72 hours on sheep blood 
plates and for 12–18 hours in liquid cultures on the shaker. 
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5.4.2 Creation of pH gradient 
For creating and maintaining a chemical gradient, we use commercially available 
microfluidics channels (Ibidi µ-Slide III 3 in 1 microfluidic channel) (Figure 5.1, 5.9). 
Bacteria were cultured in liquid broth (BB10) to an O.D.600 of 0.6–0.8 then added to fresh 
BB10 or PGM to produce a 10% bacteria mixture by volume. Bacteria were incubated at 
37°C for 30 to 45 minutes then pipetted into Ibidi µ-Slide III 3 in 1. Once the liquid 
culture is visibly settled in the channel (1-3 minutes), 6 µl of pH1 HCl is added to port A 
(see Figure 5.9) creating the acidic reservoir.  
 
Figure 5.9. The design of Ibidi μ-Slide III 3 in 1 microfluidic channel. To create an 
acidic gradient, the main channel, port A and B are first filled with bacteria culture, then 
HCl is dropped into port A to create the acid reservoir. The acidic solution is drawn into 
the main chamber through suction created by removing some culture from port B. 
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CHAPTER SIX: Viscous Fingering of Hydrochloric Acid Through Porcine Gastric 
Mucin Solution 
6.1 Introduction 
The epithelial cell surface of the stomach is lined with a continuous layer of gastric 
mucus which is roughly 100 to 400 μm in thickness and mainly consists of water and a 
polymeric glycoprotein known as mucin, along with a small percentage of lipids, nucleic 
acid, other proteins, and immunoglobulins. The mucin glycoprotein gives the mucus 
viscoelasticity that is pH-dependent; below pH 4 the mucin protein forms a gel network 
and increases the viscoelasticity, above pH 4, the mucin is solution-like. The mucosal 
layer serves a crucial function — amongst many others — in preventing the stomach from 
autodigestion by the highly acidic juice contained inside of the lumen. But the exact 
mechanism to do so is unclear. One speculation is that the mucus acts as a protective 
layer preventing the acid from being in direct contact with the epithelial wall. In vitro 
experiments using porcine gastric mucus have demonstrated that the viscous mucus layer 
acts as a barrier that can retard the proton back-diffusion rate [Williams and Turnberg 
1980] from the lumen toward the epithelial cells. The viscosity of mucus has been shown 
to slow down the proton diffusion by nearly four times in comparison to diffusion in 
water [Williams and Turnberg 1980]. Combining with the bicarbonate secretion at the 
epithelial surface to neutralize the back-diffused acid, the pH is maintained around 6–7 
near the epithelial cells, whereas the pH at the inside of the lumen is consistently acidic, 
ranging from 4 under resting conditions to around 2 during active acid secretion. As have 
been shown previously, viscous gastric mucus sandwiched between different ion 
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concentrations (such as the lumen and the epithelial surface) creates a pH gradient in 
vitro [Williams and Turnberg 1980, Williams and Turnberg 1981, Bahari et al. 1982]. 
The existence of the pH gradient across the mucus layer has also been confirmed in vivo 
using rat, mouse, and guinea pig models [Schade et al. 1994, Chu et al. 1999, Schreiber 
and Scheid 1997]. The ‘mucus-bicarbonate’ protective mechanism have been 
demonstrated in both in vitro and in vivo experiments using specimen from rabbit 
[William and Turnberg 1981], rat [Ross et al. 1981], and human [Bahari et al. 1982]. 
These solid evidence of the existence of the pH gradient suggests then, there needs to be 
mechanisms that transport gastric juice produced by the parietal cells into the stomach 
lumen without acidifying the whole mucus layer and destroying the gradient. 
There are two main competing hypotheses which attempt to explain the mechanism 
that the mucus forms the protective layer against the acid within the lumen.  
The first hypothesis proposed by Schreiber and Scheid in 1997, briefly says that 
protons are produced and immediately bound to mucus at the epithelial side of the mucus 
layer. As the mucus is continuously being secreted by the goblet cells, the mucus-bound 
protons are pushed toward the luminal surface along with the mucus. Pepsinogen, the 
proenzyme which converts into pepsin upon contact with the gastric acid, is also secreted 
at the epithelial surface, travels toward the lumen along with the protons. As pepsinogen 
turns into pepsin while it’s being transported with protons, it modifies the buffering 
properties of mucus, eventually resulting in the releasing of protons into the gastric lumen 
[Schreiber and Scheid 1997]. On the contrary, several experimental studies have 
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suggested that the gastric juice travels through the mucus via acid channels [Holm and 
Flemstrom 1990, Johansson et al. 2000]: as the acid is secreted by the gastric glands, the 
high pressure of the secretion shoots the acid through the mucus layer forming micro-jets. 
These acid channels indeed have been visualized in vivo in rat stomachs [Holm and 
Flemstrom 1990, Johansson et al. 2000]. Furthermore, Bhaskar et al. have shown in vitro 
formation of viscous fingering patterns by injecting hydrochloric acid through porcine 
gastric mucin solutions in both Hele-Shaw cells (where acid is injected perpendicular to 
the mucin layer sandwiched between two plates) and test tubes (where mucin is injected 
from a syringe needle inserted into the tube filled with mucin solution). This finding also 
supports that the acid secreted by the gastric glands could penetrate the gastric mucus 
layer through narrow fingers. As the mucus layer gels on the luminal side due to the low 
pH, the high viscosity of the mucus then prevents the protons from back-diffusing to the 
epithelium [Bhaskar et al. 1992].  The two above hypotheses are by no means exclusive 
and could both play a part in explaining the complete mechanism. To the author’s 
knowledge, the viscous fingering patterns and the acid channels though gastric mucin 
have not been further explored beyond the macroscopic scale; it has been assumed that 
the mechanism can be directly scaled down and applied to the microscopic scenario.  
In this chapter, the formation of the acid channels on the microscopic level — closer 
to physiologically relevant length scales — was examined by implementing a custom-
designed microfluidic device. The microrheological properties of the mucin solution and 
the proton diffusion into the mucin around the acid channels were probed using particle 
tracking and pH sensitive fluorescent dye. The dependence of acid injection flow rate on 
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the acid fingers formation is also explored; with the appropriate flow rate, a single 
channel traverses through the mucus layer. Our results show that as acid penetrates PGM, 
the surrounding mucin solution gels, forming a channel around the acid jet. Particle 
tracking microrheology showed that the mucin immediately surrounding the acid 
underwent a sol-gel transition and had higher elastic moduli, whereas the mucin further 
away from the acid channel had lower viscosity, supporting that the gelled mucin mostly 
confines acid flow within the channels and could potentially delay the proton diffusion 
perpendicular to the acid flow into the gastric mucus layer as it transports the acid into 
the lumen. We also observed that the initial acid finger is much wider, and as time goes 
by, the surrounding mucin swells and squeezes in, narrowing the acid channel.  
 
 6.2 Results and Discussion 
6.2.1 Acid fingers form with proper acid injection pressure. 
Viscous fingering — and the related Saffman-Taylor instability — is a phenomenon that 
occurs when a fluid is pushed into another more viscous fluid and due to the competition 
between capillary force and viscosity, the instability forms, creating an uneven profile, or 
a fingering pattern [Bonn et al. 1995]. To study viscous fingering, pH 2 HCl was injected 
into 15 mg/ml PGM in a microfluidic device at various flow rates and the acid channel 
formation was observed. The driving pressure that pushes the gastric acid out of the 
stomach glands was previously estimated to be ~13.7 mm Hg [Johansson et al. 2000] and 
was experimentally measured to be 17.6 ± 1.4 mm Hg [Holm et al. 1992]. To achieve the 
equivalent pressure with our microfluidics devices, given the channel geometry (see 
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Section 6.4.1. Design and Fabrication of PDMS Microfluidic Devices) the acid needs to 
be injected at ~1.8 μl/min flow rate. In order to determine the flow rate dependence on 
the pattern formation, we attempted various continuous flow rates: 0.1, 0.2, 0.3, 0.5, 1.0, 
3.0, 5.0, and 10.0 μl/min. The pattern formation at this scale was proven to be extremely 
sensitive to flow rate; acid finger did not form and PGM was mostly flushed out of the 
channel at any rate larger than 5 μl/min. Below 0.5 μl/min, PGM in the inlet channel 
gelled upon contact with hydrochloric acid, and the injection pressure was not strong 
enough to push acid through the gelled PGM in the inlet channel. Channel formation was 
the most consistent and repeatable at 1.0 and 3.0 μl/min flow rates, within the range of 
the original pressure approximation stated earlier. Figure 6.1 shows the time-lapse images 
of finger forming at 3.0 μl/min injection rate. Initially, the device was filled completely 
with PGM (lighter color/bright fluid) homogeneously, then the acid jet (dark fluid) 
penetrated through with a larger width than the final finger, washing out a large amount 
of PGM. During the first second of the formation, the shape of the finger was unstable, 
the width of the finger decreased to roughly half of the initial jet size, and the finger 
seemed to ‘dance around.’ After the finger began to take on the final shape, PGM 
alongside the acid channel gelled, was visibly swollen and squeezed in toward the acid 
flow to create the much narrower channel. The swelling of PGM at the boundary of acid 
and mucin was observed in all the measurements, even when the channel did not form, 
the residual PGM clusters always gelled and swelled over time, forming islands in the 
device. Another clean example of PGM swelling along the acid flow is shown in Figure 
6.2. Acid finger was created at 1.0 μl/min injection rate (the forming of this finger was 
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unfortunately not caught on video), the post-fingering time lapse images here still suffice 
to demonstrate the swell-and-squeeze of PGM over time. We suspect that perhaps in the 
gastric mucosa, a "large" amount of the mucus gets pushed toward the lumen when acid 
is injected from a gastric pit, and the mucus along the initially wide acid channel gels, 
collapses and squeezes in after the gastric gland pressure is relieved as the gastric juice is 
not continuously being shot through, and ultimately forms a thin channel like what was 
observed in rat stomachs by Johanssen et al. [Johanssen et al. 2000]. 
To confirmation that the formation of fingers is due to the inherent properties of PGM 
and its interaction with the hydrochloric acid, the same experiment was repeated using 
Newtonian fluids; water was injected at 1.0 μl/min flow rate into glycerol of the same 
viscosity as PGM, which is ~6.3 cP at pH 6 [Bansil et al. 2015]. Instead of forming 
fingering patterns, water simply flushes the glycerol out of the microfluidic channel. The 
acid finger forming in PGM seems to be due to PGM's properties, including gelling at 
low pH and swelling due to it being highly charged. We expect the same outcome if 
water was injected at any higher flow rate. Results at lower flow rates are yet to be 
measured.  
We also briefly tested the formation of finger patterns by injecting a singular, high-
pressure acid pulse instead of a constant flow. Acid channel was generated when a single 
pulse at 10 μl/min initial rate (data not shown) was introduced. There were some 
limitations using this approach—such as gelling of PGM plugging up the injection 
channel before acid reaches the main chamber, ineffective way to control the pulse 
length—however, as pulse-injection might be more physiologically relevant, this would 
  
134 
be an interesting approach to study the channel formation in the future with more 
appropriate experimental design. 
 
 
Figure 6.1. Time lapse images of acid finger formation in a PDMS microfluidics channel 
with 3.0 μl/min acid flow rate. Hydrochloric acid was injected from the inlet at the 
bottom of the main channel (indicated by the red arrow). The darker fluid in the images is 
acid which was dyed blue prior to the experiment. The video was obtained using a optical 
inverted microscope with a 20x objective lens, and the video was recorded using a 
CMOS camera at 33 frames per second. 
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Figure 6.2. Time lapse images showing the swelling of PGM along the acid jet with 1.0 
μl/min acid flow rate after the finger formed. Hydrochloric acid was injected from the 
inlet to the left of the main channel. The brighter fluid in the images is PGM and the 
darker fluid is acid which was dyed blue prior to the experiment. The video was obtained 
using a optical inverted microscope with a 20x objective lens, and the video was recorded 
using a CMOS camera at 33 frames per second. 
6.2.2 PGM along acid finger undergoes sol-gel transition. 
One of the major aims of this project is to understand how the acid finger might 
contribute to the pH profile and therefore the microrheological properties of PGM in a 
physiologically relevant geometry. To probe the microrheology of PGM surrounding the 
acid finger, we measured the random motion of micron-size polystyrene particles in PGM 
after acid finger formation using fluorescent microscopy. As discussed in details in 
Chapter 3 and Chapter 4, by examining the mean square displacement, MSD, of each 
particle and the ensemble, one could calculate the diffusion coefficient (D), diffusion 
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mechanism (α), viscosity (η), heterogeneity (HR), storage (G’) and loss (G”) moduli of 
the medium. To examine the microrheological dependence on the distance in PGM from 
the acid channel, i.e. in the direction perpendicular to the acid flow, the particle 
trajectories were grouped into sections based on their distances from the boundary 
between PGM and the acid channel then analyzed to get the microrheological information 
of each section.  
For the preliminary results, the particle trajectories were tracked in regions labeled A 
and B along an acid finger created in PGM at 3.0 μl/min flow rate (Figure 6.3). Based on 
the number of particles, Region A was split into two sections, one includes particles 
within 40 μm from the acid/PGM boundary and the other including particles which were 
farther than 40 μm away from the finger. Region B was split into three regions: first 
includes particles less than 30 μm from the acid/PGM boundary, second covers 30 to 60 
μm, and the last covers anything farther than 60 μm. To demonstrate the differences in 
particle dynamics away from the acid channel, MSD of every individual particle in each 
region was plotted over time. Figure 6.4a and 6.4b shows the MSD of individual particle 
in PGM > 40 μm away and immediately surrounding the acid finger, respectively, in 
region A. We note that the particle trajectories showed normal Brownian motion with 
MSD ranging up to 10 μm2 in section > 40 μm away from the acid/PGM boundary 
(Figure 6.4a). In contrast, the particle motions were much more confined near the acid 
finger, with most but two trajectories showing MSD ~ 0 μm2 (Figure 6.4b). The two 
particles that showed larger MSD ranges than others could indicate the heterogeneity 
(HR) in the gelled mucin, a topic discussed in details in Chapter 4. Similar trend was 
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observed in region B (data not shown), when the MSD range decreased from 12 μm2 at 
farther from the acid/PGM boundary to about zero closer to the boundary. Diffusion 
mechanism of the particles in each section was determined by fitting the average MSD 
across the ensemble, <MSD>, to find exponent α (See Chapter 3 for more details). While 
α remained about 1 at the distance > 40 μm away from the acid, which is an indicator for 
normal diffusion, near the boundary, α was computed to be ~0.6, indicating a sub-
diffusive mechanism. As a reference, normal diffusion occurs in aqueous solutions such 
as water or broth. In contrast, in solutions or gels of higher viscosity or elasticity, probe 
particles tend to be embedded in the medium, leading to confined movements and sub-
diffusive behavior, i.e. the particles are moving less than they would in aqueous 
solutions. The limited motions shown in MSD and the changing of diffusion mechanism 
near the acid boundary are both solid evidence that PGM immediately by the acid had 
undergone a sol-gel transition, potentially forming a gel-channel around the acid flow. 
Johansson et al. reported mucin channels of firm configuration which could be easily 
separated from the rest of the mucus layer in rat stomachs in vivo [Johansson et al. 2000], 
which also coincides with the results presented thus far that there is certainly a structural 
transformation in PGM due to the acid jets.  
The last piece of evidence supporting the sol-gel transition around the channel is the 
dynamic moduli: storage (G’) and loss (G’’) moduli. Viscoelastic materials store and 
dissipate energy in response to external stress. The behavior is quantified by complex 
shear modulus, G*, defined as G* =G’+iG”. The storage modulus measures the stored 
energy and represents elasticity, whereas the loss modulus measures the dissipated 
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energy, representing viscosity. By examining the relations between the two, one can 
extrapolate the rheology information of a viscoelastic material. To calculate G’ and G”, 
one approximates G* from MSD by using generalized Stokes-Einstein equation proposed 
by Mason et al. [Mason et al. 1997]: 
𝐺∗(𝜔) ≈
𝑘𝑇
𝜋ℜ〈(𝑟(𝜔)−𝑟(0))2〉Γ[1+𝛼(𝜔)]
         (6.1) 
〈(𝑟(𝜔) − 𝑟(0))2〉 = 〈(𝑟(𝑡) − 𝑟(0))2〉|𝑡=1 𝜔⁄   (6.2) 
𝛼(𝜔) =
𝑑𝑙𝑛(〈(𝑟(𝑡)−𝑟(0))2〉)
𝑑𝑙𝑛 𝑡
|𝑡=1 𝜔⁄              (6.3) 
where 〈(𝑟(𝜔) − 𝑟(0))2〉 is the unilateral Fourier transform of the MSD with frequency 
𝜔, and Γ denotes the gamma function: Γ(𝑥) = ∫ 𝑠𝑥−1𝑒−𝑠𝑑𝑠
∞
0
. One can calculate storage 
and loss moduli,  
𝐺′(𝜔) = |𝐺 ∗ (𝜔)| cos
𝜋𝛼(𝜔)
2
                           (6.4) 
𝐺′′(𝜔) = |𝐺 ∗ (𝜔)| sin
𝜋𝛼(𝜔)
2
                          (6.5) 
In case of G”>G’, viscosity dominates and the material is solution-like, whereas if 
G”<G’, the elasticity dominates and the material is gel-like. That being said, when a 
material undergoes sol-gel transition, there would be a crossover between G’ and G”, 
with the transition point at G”=G’. Figures 6.4d–f show the storage (G’) and loss (G”) 
moduli of PGM in region B at different distances from the acid channel. In the region 
immediately around the acid channel, PGM undergoes sol-gel transition as indicated by 
the transition from G”>G’ to G”<G’ (Figure 6.4d). In contrast, in the region 30–60 μm 
and > 60 μm away from the acid channel, G” remains larger than G’; PGM remains a 
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viscous solution. Additionally, the difference between G” and G’ becomes larger farther 
away from the acid channel, confirming a higher viscosity away from acid. 
 
 
Figure 6.3. A snapshot of an acid channel in PGM after pH 2 HCl was injected at 3.0 
μl/min. Micron-sized fluorescent polystyrene particles were added into PGM before 
filling the channel with PGM. Brownian motion of particles in region A and B are 
tracked and their trajectories are used for microrheological analysis.  
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Figure 6.4. Microrheology analysis of PGM at different distances from the acid channel 
shown in Figure 6.3. (a) MSD of individual particle > 40 μm away from the acid/PGM 
boundary in Region A. (b) MSD of individual particle ≤ 40 μm away from the acid/PGM 
boundary in Region A. (c) Storage (G’) and loss (G”) moduli of PGM at different 
sections from the acid/PGM boundary in Region A. G’ (filled symbols) and G” (hollow 
symbols) of PGM at ≤ 30 μm (d), 30 - 60 μm (e), and > 60 μm (f) from the acid/PGM 
boundary in Region B. 
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6.2.3 Acid fingers create pH gradients at the acid/PGM boundary.  
To probe the pH changes during and after finger formation, pH sensitive fluorescent dye 
was added to PGM prior to the experiment. Figure 6.5 shows the bright field and 
corresponding fluorescent microscopy images of an acid finger (Figure 6.5 top) and an 
acid/PGM boundary (Figure 6.5 bottom). An intensity gradient can be seen at each 
boundary between acid and PGM; brighter intensity corresponds to neutral, roughly pH 6, 
and low intensity/dark regions correspond to acid or acidic PGM. The measurements 
were taken immediately after the acid injection. For the future experiments, it will be an 
interesting direction to acquire dynamic measurements of the pH gradient and the rate of 
proton transport along the acid channel.  
 
Figure 6.5. Bright field (left) and fluorescent (right) microscopy images of an acid finger 
(top) and at an acid/PGM boundary (bottom) showing clear pH gradients from acidic at 
pH 2 (dark) to higher pH (bright). 
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6.3 Conclusions and Future Directions 
We have shown that with proper injection pressure and flow rate, acid penetrates through 
PGM via viscous fingering mechanism. The particle tracking microrheology results 
showed that PGM gels almost immediately surrounding the acid finger, forming a elastic 
channel in which acid is initially confined to flow. The gelling of PGM was evident from 
the change in diffusion mechanism from normal to sub-diffusive around the acid 
channels, indicating the limited motion of trapped probe particles due to the gel network 
of PGM. After the sol-gel transition, PGM swells and squeezes toward the acid finger 
leading to the narrowing of the acid channel, which resembles acid channels observed 
previously in rat stomachs in vivo. We also briefly demonstrated the proton transport at 
the boundary of acid and PGM in the direction perpendicular to the acid flow by utilizing 
pH sensitive fluorescent dye.  
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Figure 6.6. Fluorescent image of acid (dark) fracturing through PGM (fluorescent) and 
flowing between PGM and channel wall instead of penetrating the PGM. 
Results presented thus far are preliminary for this project and many more experiments are 
yet to be done in the future to complete our understanding on the viscous fingering 
mechanism of acid in PGM. The next immediate step is to modify the microfluidic 
channel to a micro-Hele-Shaw cell. We were not able to consistently recreate the viscous 
fingers using a simpler channel without the side channels (see the channel design in 
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Section 6.4.1.2). The finger formation seems to be dominated by the heterogeneity of 
PGM solution and the fracturing mechanism instead of viscous fingering using this 
device (Figure 6.6). We also faced the problem that the acid tends to flow between the 
PDMS wall and PGM — going around the main PGM body — instead of penetrating 
through PGM, perhaps due to the pressure differential (Figure 6.6). To solve this issue, 
instead of injecting the acid through the inlet channel as originally designed, the acid 
should be injected directly into the main chamber, through the middle of PGM solution 
using a micro-glass pipette tip. In that case, the acid would be forced to penetrate through 
PGM via viscous fingering. If the finger pattern formation is successful, its dependence 
on the acid flow pressure, particle tracking microrheology, and pH profile should be re-
examined in the same manner described here. 
After the study of microrheology and the pH gradient profile around the acid finger 
are well established, the next aim is to investigate how H. pylori swim in the area 
adjacent to the finger. How does the motility change in response to the pH gradient? Do 
the bacteria use chemotaxis to move away from the finger, or, as some have suggested, 
toward the finger, as it is an indication of a possible open path leading to the epithelial 
wall?  
Overall, even though still at the early stage to answering a whole lot of exceedingly 
interesting questions, the methodology described here can very well serve as a guideline 
and a starting point on how to go about pursuing the answers.   
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 6.4 Materials and Methods 
6.4.1 Designs and Fabrications of PDMS Microfluidics 
Two PDMS microfluidic channels were used for the results presented in this chapter. The 
design and the protocol to fabricate each are recorded in details in the following 
subsections (6.4.1.1 and 6.4.1.2).  
6.4.1.1 Channel I  
 
Figure 6.7. The AutoCAD design illustrating the microfluidic device first fabricated at 
MRSEC, Brandeis University.  
Design: The channel configuration was inspired by Wright et al. with modifications in 
dimensions and design details [Wright et al. 2014]. Each microfluidic device consists of 
three major components: the two reservoir channels running alongside and connecting to 
the main viewing chamber in the middle via micro-channels. The original purpose of the 
channel was to create a chemical gradient. However, in this chapter it was demonstrated 
that the configuration also serves as an appropriate setup with proper dimension to create 
acid channels in PGM. To create the acid finger, the main viewing channel and all the 
side channels were filled with PGM at pH 5.5–6, pH 2 hydrochloric acid is injected 
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through the inlet channel to mimic the acid jet shooting out of the gastric pit. 
Fabrication: The microfluidics configuration was designed using AutoCAD then sent for 
the photomask printing (Figure 8). To fabricate a master of ~30 μm height, SU-8 
photoresist was spin-coated on a silicon wafer then soft baked at 65°C for 1 minute and at 
75°C for 7 minutes. The coated silicon wafer was exposed under 200 mJ/cm2 UV with 
the photomask for 50 seconds. The silicon wafer then underwent a post-exposure bake at 
65°C for 1 minute and at 95°C for 4 minutes. The wafer was washed with PGME to rid 
SU8 and isopropanol then blown dry. To finish the master, the wafer was hard baked at 
200°C for one hour then cooled gradually. For the PDMS casting, a silicone elastomer 
base and a curing agent (Sylgard 184 kit) were mixed with 1:10 ratio by weight. The 
mixture was degassed in vacuum until there is no longer visible bubbles in the solution. 
The mixture was then poured into a petri dish where the master had been laid. The petri 
dish was set in vacuum to degas then cured in 70°C oven for 2 hours then cooled 
overnight (optional). To finish the device, the PDMS was removed from the master after 
curing and cleaned in a plasma chamber filled with oxygen gas for 45 seconds after the 
inlet and the outlet holes were punctured using a 1mm-diameter biopsy punch. The 
PDMS channel was placed carefully on a piece of microscope glass slide which was first 
washed with methanol, acetone, isopropyl, blew dry with nitrogen gas, then plasma-
cleaned in the oxygen chamber. The PDMS formed covalent bonds with the glass slide 
base. Lastly, the device was sandwiched between the base glass with another glass slide 
and clamped down for the device to set.  
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6.4.1.2 Channel II 
 
 
Figure 6.8. The AutoCAD design illustrating Channel II fabricated at MIT and BU.  
Design: Each microfluidic device consists of the main viewing chamber in the middle 
and two inlet channels of the same width and different lengths from the opposite ends. To 
create the acid finger, the main viewing channel was filled with PGM, then acid is 
injected through one of the inlet channels to mimic the acid jet shooting out of a gastric 
pit. The width of the inlet channels was designed to be 50 μm wide to be comparable to 
the width of an actual gastric pit. 
Fabrication: The microfluidics configuration was designed using AutoCAD then sent for 
the photomask printing (Figure 6.8). To fabricate a master of 25–30 μm height, SU-8 
2002 photoresist was spin-coated on a silicon wafer at 3000 RPM for 30 seconds then 
soft baked at 95°C for 5 minutes. The coated silicon wafer was exposed under UV 
without mask for 20 seconds, then baked again at 95°C for 10 minutes. Two more layers 
of SU8 2025 were spin-coated on at 3000 RPM for 30 seconds. The triple-coated wafer 
was soft-baked at 65°C for 1 minute, then 95°C for 10 minutes. The wafer was exposed 
under UV with the photomask for 40 seconds. The silicon wafer then underwent a post-
exposure bake at 95°C for 10 minutes. The wafer was then let develop on the coater at 
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200 RPM. The wafer was washed with PGME to rid SU8 and isopropanol then blown 
dry. To finish the master, the wafer was hard baked at 200°C for one hour then cooled 
gradually. After the master was made, the PDMS casting protocol follows the exact steps 
detailed in the previous subsection (6.4.1.1) for Channel I. 
 6.4.2 PGM Preparation 
PGM was collected from pig stomach epithelium and purified with Sepharose CL-2B 
column chromatography, followed by density gradient ultracentrifugation, described in 
details in Chapter 2. To make PGM with the final concentration of 15 mg/ml, 1.5 mg of 
lyophilized PGM powder was dissolved in 80 μl (80% of the total final volume) of 
brucella broth with 10% fetal bovine serum, vortexed for 5-15 minutes or until the 
solution no longer appears cloudy to the eye, then let hydrate for at least 48 hours in 4°C. 
Before each experiment, 10% (by volume) pH 6 buffer (0.1 M phosphate succinate) was 
added. The last 10% (by volume) of liquid added to reach the final concentration could be 
plain broth, fluorescent particles, pH-sensitive fluorescent dye, or bacteria culture, 
depending on which experiment is to be done. The protocol to prepare for each 
experiment is detailed below (Ch. 6.4.3 - Ch. 6.4.6). 
6.4.3 Formation of Acid Fingers 
To test the viability of the PDMS channels in creating acid fingers, each channel is 
carefully filled up with PGM avoiding air bubbles using a 1-ml BD syringe and 1mm-
diameter PTFE tubing. Hydrochloric acid (pH2) dyed with Brilliant Blue G ultrapure 
powder (Alfa Aesar) was injected through the inlet into the main chamber using Harvard 
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syringe pump at various continuous flow rates: 0.1, 0.2, 0.3, 0.5, 1.0, 3.0, 5.0, and 10.0 
μl/min. To compare with the effects of continuous acid flow, hydrochloric acid was also 
injected as single pulses using 3 and 10 μl/min flow rate. Images and videos were taken 
using brightfield and phase contrast microscopy with 20x and 40x objective lenses. 
To make sure the dye wasn’t contributing to gelation or emulsion, mucin was gently and 
thoroughly mixed with the Brilliant Blue powder directly and we observed no 
aggregation or change in viscosity due to the dye.  
To further prove that the viscous fingering is due to the inherent properties of PGM 
and its interaction with hydrochloric acid, we repeated the experiments using Newtonian 
fluids. Glycerol was diluted to a comparable viscosity as that of 15 mg/ml PGM (~6.4 cP) 
and dyed blue by mixing with Brilliant Blue G ultrapure powder (Alfa Aesar). After the 
chamber was carefully filled with glycerol using a 1-ml BD syringe and 1mm-diameter 
PTFE tubing avoiding air bubbles, water was injected into glycerol using Harvard syringe 
pump at 1 μl/min flow rate.  
 6.4.4 Microrheology of PGM Around Acid Fingers  
To measure the shear and loss moduli (G’ and G”), particle tracking microrheology was 
implemented. Monodisperse fluorescent particles of 1.001 μm diameter (Polysciences) 
were added to each mucin sample (15 mg/ml) to obtain 0.054% of final particle 
concentration by volume for all experiments. PGM solution with fluorescent particles 
added was injected into the PDMS channel until the channel is completely full, proceed 
by the injection of pH 2 hydrochloric acid (without any dye) via one of the inlets using a 
Harvard syringe pump. The movies of particles were acquired immediately after the acid 
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fingers form at room temperature (~21 °C) with an Olympus I71 inverted optical 
microscope equipped with a 40x phase contrast lens (0.65 NA) and an Andor Zyla 5.5 
sCMOS camera at 100 fps and 6.5 μm per pixel size resolution. Fluorescent particles 
were excited using Olympus BH2 Mercury arc source. Three-second videos were 
obtained from several different x-, y- positions with optimal z-position throughout each 
sample. The Brownian motion of the particles was tracked in MATLAB [v7.12.0] using 
PolyParticleTracker routine, which locates the center of intensity of each tracked object 
with a polynomial Gaussian fit. Particles were separated into several regions based on 
their distances from the boundary between PGM and the acid channel. Mean square 
distance and the viscosity of each region were calculated based on the tracker position 
outputs and averaged over all particles in that region. Frequency dependent elastic and 
viscous moduli over distance (G′ and G′′) were calculated based on previously described 
methods using the MATLAB programs provided on 
http://www.physics.emory.edu/~weeks/idl/.  
 6.4.5 pH Profile of PGM and Proton Diffusion Around Acid Fingers 
To monitor the pH profile of mucin over time and over distance from the boundary 
between PGM and acid channel, pH sensitive fluorescent dye, LysoSensorTM Green 
DND-189 (ThermoFisher Scientific), was added to the mucin and gently stirred to mix 
prior to each measurement. For the optimal pH measurements, the brightness of 
LysoSensorTM Green was tested at 1, 5, 10, 22, 50, and 100 μM concentrations in 
homogeneous solutions. The results presented used 50 μM concentration dye. PGM with 
LysoSensorTM Green added was carefully injected into the PDMS channel using 1 ml BD 
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syringe and 1 mm diameter PTFE tubing. Hydrochloric acid (without dye) at pH 2 was 
then injected through one of the inlets using Harvard syringe pump. Fluorescent videos 
and images were obtained using Nikon Eclipse TE2000-U inverted optical microscope 
with 10x, 20x, and 40x objective lenses and Panasonic Lumix GH5 camera at 30 frames 
per second.  
6.4.6 Bacteria Chemotaxis Around Acid Fingers  
Helicobacter pylori strain J99 was cultured following the protocol detailed in Chapter 2 
Materials and Methods. After the bacteria have been inoculated in brucella broth with 
10% fetal bovine serum and grown to exponential phase, BacLightTM Red bacterial stain 
(ThermoFisher Scientific) was added to the culture and incubated at 37°C for 15 minutes 
to fluorescently stain the bacteria. The working solution of the bacterial stain is 100 μM 
concentration. Stained bacteria (10% of the total volume) were added to PGM then 
incubated at 37°C for at least 45 minutes before injection into each PDMS channel. 
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CHAPTER SEVEN: Conclusions and Future Directions 
While seemingly diverse in its content from chapter to chapter, the shared motivation 
throughout this dissertation is to shed light on some of the mechanisms which enhance 
the survival of Helicobacter pylori in such hostile acidic environment as the stomach.  
The first part of this work was based on the first publication to examine the motility of 
Helicobacter pylori in its native human mucin solutions. The results successfully 
demonstrated that the active motion of the bacteria greatly influence the microrheological 
properties of mucin—an observation most prominent in the tumor mucin—and the shear-
thinning effect due to the high frequency bacteria rotations could be a factor in H. pylori 
colonization; this finding suggests that bacterial motility is not important simply in 
translating H. pylori to a colonizable location, but the swimming motion could in fact 
actively contribute to making the mucin solution an easier environment for the bacteria to 
move in. Interestingly, the microrheology measurement in absence of bacteria showed 
that the tumor mucin was less viscous than the healthy mucin, though due to the limited 
availability of diseased samples, there was not enough information to conclude whether it 
was the pre-existing difference in viscosity which made the tumor mucin more favorable 
to host H. pylori, or if the lower viscosity resulted from the development of the tumor. In 
any case, the methodology provided here can certainly be considered as a starting point 
and adapted as a guideline for future investigations when a larger selection of human 
diseased samples become available. Understanding the microrheology aspect of the 
system that is more prone to gastric disease development can certainly benefit the disease 
prediction, recovery, and drug development. 
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The second part of the thesis differentiated the intertwining effects of pH and 
microrheology of gastric mucin on the motility and the body rotation of H. pylori. 
Although H. pylori has been commonly accepted to be acidophobic, our results showed 
that there is a pH dependence in bacterial motility and pH 4 is the optimal acidity when 
the bacteria swim the fastest in aqueous broth. This finding echoes with previous 
publications reporting optimal urease activity, metabolic activity, and colonization rates 
of the bacteria in slightly acidic environments. It was interesting to see the speed 
distribution shift toward higher pH in case of bacteria in PGM due to the increase in 
viscosity below pH 5. In other words, the viscosity dominates over the bacteria tendency 
to speed up. Additionally, while cell body rotation showed no clear pH dependence in 
aqueous solution, in PGM as the pH decreased and viscosity increased, the body rotation 
frequency doubled. Bacteria stuck in gel or fixed to glass slides had been known to 
increase their body rotation frequency. Could the mechanical stress or spatial 
confinement trigger the wiggle-and-escape response from the bacteria?  
To expand on the effect of pH on bacterial motility, microfluidics setups were 
constructed in aim to investigate the chemotaxis of H. pylori in presence of a linear pH 
gradient. H. pylori showed directed swimming trajectories upon detection of high proton 
concentration. Interestingly, bacteria chemotaxis is the most consistent and obvious at the 
pH range between 3–4. Together with the understanding that the optimal swimming 
speed is at pH 4 in homogeneous environment and that the flagella motors are driven by 
the proton motive force which is fueled by the proton gradient across the bacteria cell 
membrane, it is possible that this particular proton concentration leads to the escape 
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response of the bacteria to search for a new and more favorable location. This hypothesis 
could be tested with a collection of bacteria with controlled flagella numbers; if the effect 
of external pH is proportional to the number of flagella motors, one can perhaps confirm 
this speculation. 
The last part of the thesis presented the protocol developed to examine the viscous 
fingering of the gastric acid in mucin solution. The results included in this thesis 
examined the flow rate dependence of acid channel formation and preliminary 
microrheology measurement showed that PGM gelled almost immediately around the 
acid channel, which is consistent with previously reported observation of “acid channels 
of different texture [than the gastric mucus layer in the stomach]” in in vivo 
measurements [Johansson et al.]. The recipe to create acid channels using PDMS 
microfluidics devices and measure the microrheology of the mucin had been clearly 
developed and recorded. While the proton transport problem has been long standing, 
great future opportunities in investigated the bacteria behavior in the vicinity of these 
channels would be the ultimate goal and the most physiologically relevant that could lead 
to better knowledge of the mechanisms underlying the H. pylori infection in our 
stomachs. 
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Supplementary Information 
 
Supplementary Information Figure S1. Mucin isolation and characterization. Mucins 
were isolated using a chaotrophic agent (GuHCl) followed by density gradient 
centrifugation. The fractions were emptied from the bottom of the tube, and the density is 
thus highest in the fractions with low numbers. The isolation procedure disassociates 
non-covalent associations and removes DNA and the majority of non-mucin molecules 
from the purified mucins, as can be seen by the absorbance at 280 nm: there is a peak 
containing DNA at fraction five, which decrease to baseline before the fractions 
containing the mucins start (fraction 9-13), and the A280 signal starts to increase again 
after fraction 15. The increase in A280 containing material at the low-density fractions 
represent non-mucin proteins. The mucin containing fractions were pooled based on the 
glycan curve into one sample for each patient. The example shown in the graph is the 
human normal sample 1 and fraction 9-13 was pooled for further studies on the mucins.  
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Supplementary Information Figure S2. Microrheology results from tracking particles 
in different human mucins. Individual MSD of particles in tumor mucin sample (HM5T), 
surface mucin (HM1NS), and the gland mucin (HM3NG) with or without J99 WT or 
J99ΔbabAΔsabA.  
b
s
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Supplementary Information Movie S1. A collection of sample videos showing the 
motility of J99 in brucella broth, PGM, and human mucins.  
A: J99 WT in BB10 
B: J99ΔbabAΔsabA in BB10 
C: J99 WT in PGM 
D: J99ΔbabAΔsabA in PGM 
E: J99 WT in HM1NS with pH4 buffer added 
F: J99 WT in HM3NG after 24 hours of incubation 
G: J99 WT in HM5T  
H: J99ΔbabAΔsabA in HM3NG  
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Media Tinc J99 
Vins [μm/s] 
<Vins> Median 
BB10 45m 
WT 7.7 4.8 
Δ 4.8 4.5 
PGM 45m 
WT 6.1 4.8 
Δ 6.3 4.3 
HM1NS 
45m 
WT 3.2 3.17 
Δ Immobile 
2hr WT 4.7 4.24 
HM3NG 
45m 
WT immobile 
Δ 12.8 11.3 
2hr 
WT immobile 
Δ 12.7 9.8 
24h 
WT 7.8 6.4 
Δ 3.7 3.1 
HM5T 
45m 
WT 17.8 17.7 
Δ immobile 
2hr 
WT 24.9 25.7 
Δ immobile 
24h 
WT 13.7 13.2 
Δ immobile 
 
Supplementary Information Table S1. Summary of the mean and median values of J99 
WT and J99ΔbabAΔsabA instantaneous speeds in human mucins, PGM, and BB10 after 
different incubation times. Tinc = incubation time. 
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Supplementary Information Figure S3. Analysis of trajectories of J99 WT and 
J99ΔbabAΔsabA swimming in HM1NS, HM3NG, HM5T mucins. PGM, and BB10. 
Smooth histograms summarizing instantaneous speed (vins) distributions of J99 WT (a) 
and J99ΔbabAΔsabA (b).  
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K-S test: P-values 
Solutions Strain tinc Vruns Vins 
BB10 
WT 
45m 
0.50 
Δ 0.77 
PGM 
WT 0.97 
Δ 0.5 
HM1NS WT 
45m 0.5 
2hr 0.28 
HM3NG 
WT 24h 0.77 
Δ 
45m 0.97 
2hr 0.97 
24h 0.77 
HM5T WT 
45m 0.77 
2hr 0.97 
24h 0.5 
 
Supplementary Information Table S2. Kolmogorov-Smirnov statistical analysis 
comparing run speed and instantaneous speed distributions of J99 WT and 
J99ΔbabAΔsabA at different incubation time (tinc) in HM1NS, HM3NG, HM5T human 
mucins, PGM, and BB10. When P-values are ≥ 0.05, the differences between 
distributions are insignificant.  
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